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Abstract 
Eutrophication of surface waters not only impacts the environment but also water 
treatment processes, the most significant of which is from the effects of algae.  During peak 
algal growth in many southern U.S. reservoirs, inflows that bring nutrients are at an annual 
minimum, and phosphorus released from bed-sediments is trapped in the hypolimnion.  Littoral 
areas, described as the most productive zone of the lake, may be a possible source of 
phosphorus that fuels algal growth in the reservoir.  I studied an isolated shallow cove in the 
War Eagle Creek arm of Beaver Lake in Northwest Arkansas to measure, quantify, and model 
the dynamics and transport of nutrients in littoral zones.  A summary of the research problem, 
the statement of purpose, and associated hypothesis are provided in Chapter 1.  Chapter 2 
provides an overview of eutrophication as it relates to drinking water treatment, reservoirs, and 
zones within reservoirs.  Also reviewed is the relationship of phosphorus (P) to reservoir 
eutrophication, internal loading as a source of P, and P cycling and transport within a reservoir.  
In Chapter 3, I present my study of sediment cores, temperature profiles, and dissolved oxygen 
(DO) profiles of the cove to determine the redox condition of the water overlying the bed-
sediments and the associated sediment P release rates.  Phosphorus release rates from bed-
sediment incubations were as high as 2.02 mg m-2 d-1 under aerobic conditions and 4.05 mg m-2 
d-1 under anaerobic.  Variability in bottom DO concentrations of the littoral zone likely 
contribute to a cycling of aerobic and anaerobic conditions by changing the redox state at the 
sediment-water interface.  When compared to whole-lake P release averages conducted for 
Beaver Lake, eutrophic coves were a disproportionate source of P within the reservoir, 
producing 6.5 times more P per unit area.  Chapter 4 describes a study of how sediment P 
release and algal growth in littoral areas are connected.  Sediment composition, equilibrium P 
concentration (EPCo), and aerobic P release rates were characterized for several sites within the 
cove.  Core aerobic P release rates and EPCo both confirmed the release of P under aerobic 
conditions; however, it appears that algal demand sustained low dissolved P concentrations in 
the waters of the cove.  This created a nutrient cycle where algae impose a nutrient gradient 
favoring the release of P by keeping concentrations of the waters overlying sediments below 
the EPCo.  Chapter 5 describes a model developed to simulate thermoconvective flow and 
transport mechanisms between littoral and pelagic zones.  Diurnal fluctuation in flow for 
surface and bottom waters indicated water moves in and out of the cove on a daily timestep.  
Overall, the general direction of flow was in along the bottom of the cove, and out along the 
top.  The model and in situ P concentrations revealed that P is transported from bottom waters 
as they enter the cove to surface waters as they leave the cove.  This process applied to all 
littoral areas of the reservoir would result in a major P transport mechanism to surface waters 
in late summer.  Chapter 6 provides a synthesis of the three studies.  Unique processes of the 
littoral zone make it a disproportionate source of P within a reservoir.  P loads brought into the 
littoral zone along the bottom and P released out of littoral sediments are then available for 
transport out of the surface of the littoral zone.  This P would then be available to be used by 
algae and replenish P losses in the epilimnion which occur through sedimentation.  Our model 
and sampling indicate that late summer blooms of algae in Beaver Lake are likely fueled in part 
by P transport out of the littoral zone.  The fundamental contribution of this research is the 
recognition of littoral areas as a significant source of internal P loading to fuel algal growth in 
reservoirs.  
Acknowledgements 
First and foremost, I would like to thank my friend and colleague, Dr. Marty Matlock.  
You have been a constant source of encouragement to me and an example of an excellent 
leader.  Thank you for giving me this opportunity.  Thank you to Dr. Robert Morgan for your 
persistence in getting me to finish this work.  You had the humility to presume that I could ever 
fill your enormous shoes at Beaver Water District.  A great thanks to Dr. Reed Green and Dr. 
Julian Ferry for your technical support, guidance, and critical review of this research.  My work 
would not have been possible without Ray Avery, Brad Hufhines, and Matt Rich for their help in 
generating ideas and their work in the field, tolerating freezing temperatures and hot summers 
to collect data.  Also, a huge thanks to Mindi Dearing, Nicole Holloway, and Cindy Harp who 
helped with lab analysis and put up with my presence on a daily basis.    
Dedication 
For Kelly 
You have always believed in me.  
Table of Contents 
Chapter 1:  
Introduction .................................................................................................................................... 1 
1.1       Research Problem ............................................................................................................ 1 
1.2       Statement of Purpose ...................................................................................................... 5 
1.3       Hypotheses ....................................................................................................................... 5 
Chapter 2:  
Literature Review ............................................................................................................................ 7 
2.1 Eutrophication .................................................................................................................. 7 
2.2 Internal Loading ............................................................................................................. 15 
2.3 References ...................................................................................................................... 26 
Chapter 3:  
Sediment Phosphorus Release in a Shallow Eutrophic Reservoir Cove ....................................... 31 
3.1 Introduction.................................................................................................................... 32 
3.2 Methods ......................................................................................................................... 36 
3.3 Results ............................................................................................................................ 43 
3.4 Discussion ....................................................................................................................... 56 
3.5 Conclusions..................................................................................................................... 65 
3.6 References ...................................................................................................................... 66 
Chapter 4:  
Algal Demand Drives Sediment Phosphorus Release in a Shallow Eutrophic Cove ..................... 72 
4.1 Introduction.................................................................................................................... 73 
4.2 Methods ......................................................................................................................... 77 
4.3 Results ............................................................................................................................ 84 
4.4 Discussion ....................................................................................................................... 90 
4.5 Conclusions..................................................................................................................... 96 
4.6 References ...................................................................................................................... 96 
Chapter 5:  
Water Exchanges and Phosphorus Flux between a Reservoir and Eutrophic Littoral Zone ...... 101 
5.3 Introduction.................................................................................................................. 102 
5.4 Methods ....................................................................................................................... 106 
5.5 Results .......................................................................................................................... 113 
5.6 Discussion ..................................................................................................................... 125 
5.7 Conclusions................................................................................................................... 131 
5.8 References .................................................................................................................... 132 
Chapter 6:  
Conclusions ................................................................................................................................. 136 
  
List of Tables 
 
Chapter 2: 
Table 2.1. Trophic classifications of reservoirs, adapted from Wetzel (2001)……………………….….11 
 
Chapter 3: 
Table 3.1. Average summer concentrations of nitrate+nitrite, total nitrogen, soluble reactive 
phosphorus, total phosphorus, pH, and total suspended solids for bottom waters and the photic 
zone of Granny Hollow (McCarty 2019).  Standard deviation in parenthesis.  Asterisk indicates 
reported value was below the method detection limit (0.005 mg L-1)………………..……….……...…..38 
 
Table 3.2.  Bottom temperature and dissolved oxygen concentration variability for Granny 
Hollow Cove and the pelagic zone located at latitude 36.2591 N, longitude -94.0688 during the 
month of July 2018……………………………………………………………………………………………………………….…47 
 
Table 3.3. Mean sediment characteristics in mg kg-1 of the three sampling sites.  Standard 
deviation in parenthesis……………………………………………………………………………………………………..…..47 
 
Table 3.4. Loss on ignition, sand, silt, and clay analysis for sediments from the three sampling 
sites…………………………………………………………………………………………………………………………………………47 
 
Table 3.5. Linear relationship between time and adjusted soluble reactive phosphorus mass 
released by the sediment into the overlying water of the intact sediment cores at three sites in 
Granny Hollow of Beaver Lake………………………………………………………………………………………....……..52 
 
Chapter 4: 
Table 4.1. Phosphorus adsorption characteristics of the sediment at the three collection sites.  
Standard deviation in parenthesis……………………………………………………………………………………..…….85 
 
Table 4.2. Mean sediment characteristics in mg kg-1 of the three sampling sites.  Standard 
deviation in parenthesis……………………………………………………………………………………………………..……86 
 
Table 4.3. Linear relationship between time and adjusted soluble reactive phosphorus mass 
released by the sediment into the overlying waster of the intact sediment cores at three sites in 
Granny Hollow of Beaver Lake.  Standard deviation in parenthesis………………………………………....87 
 
Table 4.4. Mean concentrations of nitrate+nitrite, total nitrogen, soluble reactive phosphorus, 
and total phosphorus within the photic zone and at the bottom for each site. Standard 
deviation in parenthesis.  Asterisk indicates reported value was below the method detection 
limit (0.005 mg L-1)………………………………………………………………………………………………………....…….…88 
Table 4.5.  Comparison of published equilibrium phosphorus concentration and linear sorption 
coefficients (Kd) from a variety of freshwater sediments………………………………………………………....92 
 
Chapter 5: 
Table 5.1. Average summer concentrations of nutrients and suspended solids as well as pH for 
bottom waters and photic zone of Granny Hollow (McCarty, 2019) (N+N = nitrate + nitrite, TN = 
total N, SRP = soluble reactive P, TP = total P, and TSS = total suspended solids).  Standard 
deviations shown in parentheses.  Asterisk indicates reported value was below the method 
detection limit (0.005 mg L-1).  From McCarty 2019b.………………………………………………………..…..108 
 
Table 5.2.  AEM3D Model parameters and values that were suggested in literature or adjusted 
to achieve model fit…………………………………………………………………………………………………….……..….113 
 
Table 5.3. Concentrations of N-N, TN, SRP, and TP at depth within Granny Hollow as collected 
on the indicated dates.  Dashes indicate sample was not collected at that depth………….………117  
List of Figures 
Chapter 1: 
Figure 1.1. Time series data of algae counts and inflow from the White River (USGS Gage 
07048600) from 2010-2018.  Algal counts were analyzed by Beaver Water District at their water 
intake structure on Beave Lake………………………………………………………………………………………………….2 
 
Chapter 2: 
Figure 2.1. Graphical depiction of reservoir zonation.  Modified from Kimmel et al. (1991)..…..11 
 
Chapter 3: 
Figure 3.1.  Granny Hollow with associated bathymetry and sampling sites PF, MD, and UP.  
Stars indicate the location of the cove within the state of Arkansas and within Beaver Lake.  The 
dashed line represents the study boundary.  The cove boundary with the main channel of the 
reservoir (War Eagle Creek arm of the reservoir) is annotated at the top of the detailed cove 
figure…………………………………………………………………………………………………………………………………..…..37 
 
Figure 3.2.  Air temperature, wind speed and direction, and solar radiation conditions during 
the study period……………………………………………………………………………………………………………..……….44 
 
Figure 3.3.  2D surface contour plot depicting water column temperature (°C) over time as 
measured by the hydrolab sonde at the profile platform (site PF) during the period from July 3rd 
through 16th…………………………………………………………………………………………………………………………….45 
 
Figure 3.4.  2D surface contour plot depicting water column dissolved oxygen (mg L-1) over time 
as measured by the hydrolab sonde at the profile platform (site PF) during the period from July 
3rd through 16th…………………………………………………………………………………………………………………....…46 
 
Figure 3.5.  Mean soluble reactive phosphorus, nitrate + nitrite, and ammonia concentrations of 
the overlying water of the intact sediment cores during the aerobic and anaerobic incubation 
phases at three sites in Granny Hollow on Beaver Lake.  The vertical dashed line represents the 
change point between air bubbling (aerobic phase, days 1-13) and nitrogen bubbling (anaerobic 
phase, days 14-28) conditions.  Error bars represent standard deviation for the samples that 
were analyzed in triplicate……………………………………………………………………………………………………...49 
 
Figure 3.6. Profile of the hypoxic boundary line (<3 mg L-1 dissolved oxygen) in Granny Hollow 
during a two-week study period from July 3rd to July 16th, 2018.  The horizontal dashed line 
indicates the elevation of the cove bottom at the profile monitoring platform………..…………..…53 
 
Figure 3.7.  Aerobic and hypoxic bottom surface area coverage in Granny Hollow during a two-
week study period from July 3rd to July 16th, 2018………………………………………………….…………..…..54 
Figure 3.8.  Aerobic and hypoxic water volumes in Granny Hollow during a two-week study 
period from July 3rd to July 16th, 2018………………………………………………………………………………..…….54 
 
Figure 3.9.  Total aerobic and anaerobic P-flux in Granny Hollow during the two-week study 
period from July 3rd to July 16th, 2018……………………………………………………………………………….….….56 
 
Figure 3.10.  N+N concentrations of bottom waters at each site over as sampled from May-July 
2018.  Figure adapted from data in McCarty (2019)…………………………………………………………………65 
 
Chapter 4: 
Figure 4.1. Time series data of algae counts and inflow from the White River (USGS Gage 
07048600) from 2010-2018.  Algal counts were analyzed by Beaver Water District at their water 
intake structure on Beave Lake………………………………………………………………………………………………..75 
 
Figure 4.2.  Granny Hollow with associated bathymetry and sampling sites PF, MD, and UP.  
Stars indicate the location of the cove within the state of Arkansas and within Beaver Lake.  The 
dashed line represents the study boundary.  The cove boundary with the main channel of the 
reservoir (War Eagle Creek arm of the reservoir) is annotated at the top of the detailed cove 
figure.  Previously published in McCarty (2019)……………………………………………………………………….79 
 
Figure 4.3.  Sorption isotherms under aerobic conditions for equilibrium phosphorus 
concentration determination at sites UP, MD, and PF.  Error bars represent standard deviation 
for the samples that were analyzed in triplicate………………………………………………………………………85 
 
Figure 4.4.  Mean soluble reactive phosphorus concentrations of the overlying water of the 
intact sediment cores under aerobic conditions at three sites in Granny Hollow on Beaver Lake.  
Error bars represent standard deviation for the samples that were analyzed in 
triplicate…………………………………………………………………………………………………………………………….…...87   
 
Figure 4.5. Photic composite turbidity, total phosphorus, and chlorophyll-a concentrations over 
time for sites UP, MD, and PF.  Site PF turbidity not available for 30 May, 4 June, and 11 June 
due to equipment malfunction.  Error bars represent standard deviation.  There is no standard 
deviation for chlorophyll-a as it was taken as a composite sample.  For SRP, the method 
detection limit was 0.005 mg L-1 and zero values indicate non-detect.………………..….………………90 
 
Chapter 5: 
Figure 5.1. Granny Hollow with associated bathymetry and sampling sites PF, MD, and UP. Stars 
indicate the location of the cove within the state of Arkansas and within Beaver Lake. The cove 
boundary with the main channel of the reservoir (War Eagle Creek arm of the reservoir) is at 
the top of the cove bathymetry map and also represents the model boundary separating the 
cove and the main reservoir.  Cutout depicts example of model grid with a grid size of 1 m x 1 m 
x 0.5 m in x,y,z space.  Adapted from McCarty 2019a…………………………………………………………….107 
Figure 5.2.  Beaver Lake water surface elevation in m MSL for the month of July 2018………….111 
 
Figure 5.3.  Weekly thermal profile conditions taken at latitude 36.2591 N, longitude -94.0688 
W for 27 June – 26 July 2018……………………………………………………………………………………..……….….111 
 
Figure 5.4.  Rainfall, air temperature, cloud cover, solar radiation, and wind speed from the 
WBAN 53922 NOAA weather station during the study period, July 1-31 
2018………………………………………………………………………………………………………………………………………115 
 
Figure 5.5.  A) 2D surface contour plot of water column temperature (°C) over time as observed 
by the Hydrolab sonde at the profile platform (site PF); and B)  2D surface contour plot of water 
column temperature (°C) over time simulated by the model, July 1-31, 2018…………..…….……..116 
 
Figure 5.6.  Modeled versus. observed profile temperature at elevations A) 341.1 B) 339.6 and 
C) 337.1 m MSL………………………………………………………………………………………………………………………119 
 
Figure 5.7.  Profile at the BWD intake (latitude 36.2591 N, longitude -94.0688 W), War Eagle 
Arm (latitude 36.2222 N, longitude -94.0104 W), and site PF in the cove (latitude 36.2013 N, 
longitude -93.9710) showing uniformity of profile conditions across the reservoir for 19 July 
2018………………………………………………………………………………………………………………………………………120 
 
Figure 5.8.  Net hydraulic flux for the month of July across the model boundary.  Positive 
numbers indicate flow into the cove across the model boundary, negative numbers indicate 
flow out of the cove.  Cells indicate discrete modelling units.  The top cell layer showed limited 
water flux due to a decrease in water level within the cove throughout the modelling 
period…………………………………………………………………………………………………………………………………….121  
 
Figure 5.9. Effluent hydraulic flux for the month of July across the model boundary.  Positive 
numbers indicate flow into the cove across the model boundary, negative numbers indicate 
flow out of the cove.  Cells indicate discrete modelling units.  The top cell layer showed limited 
water flux due to a decrease in water level within the cove throughout the modelling 
period…………………………………………………………………………………………………………………………………….122 
 
Figure 5.10.  eFlux with depth for the month of July………………………………….……………………………122 
 
Figure 5.11.  Surface and bottom flow velocity vectors for key parts of the day (0400, 1400 CST).  
4 July 2018 was selected as the representative day……………………………………………………………….124 
 
Figure 5.12. Mean surface and bottom velocities for an average 24-hour period.  Positive 
velocities represent water entering the cove while negative velocities represent water leaving 
the cove…………………………………………………………………………………………………………………………………125 
 
Figure 5.13.  Phosphorus mass balance of Granny Hollow for the month of July 2018.  Green 
arrows depict average flow direction across the model boundary…………………………………………130  
List of Published Papers 
 
Chapter 2: 
McCarty, J.A., 2019b. Sediment phosphorus release in a shallow eutrophic reservoir cove. 
Transactions of the ASABE, 62(5), pp.1269-1281. 
Publication has been included with permission of ASABE. 
 
Chapter 3: 
McCarty, J.A., 2019a. Algal demand drives sediment phosphorus release in a shallow eutrophic 
cove. Transactions of the ASABE, 62(5), pp.1315-1324. 
Publication has been included with permission of ASABE.  
1 
1 Introduction 
1.1 Research Problem 
Eutrophication of surface waters not only impacts the environment but also water 
treatment processes, the most significant of which is from the effects of algae.  Taste and odor 
compounds are formed from certain types of algae and cyanobacteria (Juttner & Watson 2007).  
Algae can also contribute to the formation of disinfection byproducts (DBPs; Nguyen et al 
2005), and under certain conditions, can release toxins into the water (Paerl & Otten 2013).  
Besides water treatment effects, harmful algal growth leads to loss of habitat, large diurnal 
dissolved oxygen changes, loss of aquatic biodiversity, loss of designated use, and a decreased 
reservoir lifespan (Carpenter 1998).  It is important then that we understand the drivers of algal 
production to mitigate their harmful growth. 
A primary factor contributing to increased algal production is the overabundance of 
nutrients.  In balance, nitrogen (N) and phosphorus (P) underpin the natural ecology of the 
system.  Out of balance, excess nutrients can lead to harmful algal blooms that are defined as 
having harmful effects for animals, people, or local ecology.  Nutrients in water bodies come 
from a combination of external and internal loading.  External loading is the sum of point and 
non-point sources while P mobilized from the benthic environment is called internal loading.  In 
the long-term dataset for Beaver lake in Northwest Arkansas, algal counts reach an annual high 
during mid-late summer, but inflows are typically at their lowest (McCarty 2018a, Figure 1.1).  
This indicates that during peak algal productivity, external loads are typically at an annual low in 
Beaver Lake.  Additionally, internal loads are trapped during this time in the hypolimnion by a 




Figure 1.1. Time series data of algae counts and inflow from the White River (USGS Gage 
07048600) from 2010-2018.  Algal counts were analyzed by Beaver Water District at their water 
intake structure on Beave Lake. 
There are several theories regarding the source of nutrients contributing to algal growth 
in stratified water bodies.  Researchers have explored various mixing strategies such as internal 
seiches (Ostrovsky et al. 1996), wind induced mixing that can temporarily break down 
stratification (James 2017 and Kamarainen et al. 2009), upwellings (Corman et al. 2010), and 
recreation such as boating.  However, these are brief and spatially isolated events.  Researchers 
have also explored how nutrients regenerate within the epilimnion during the life cycle of algae 
(Hudson & Taylor 1996, Hudson et al. 1999) but P cycling and regeneration does not account for 
the total increase in algal biomass and total phosphorus (TP) within the epilimnion throughout 
the growing season.   
Kamarainen et al. (2009) suggested that luxury uptake, or the ability to take in more P 
than needed during times of high P availability as well as biotic mineralization within the 
epilimnion could account for the source of bioavailable P during stratification.  However, they 
acknowledge that these could not solely account for P required during peak productivity.  
Finally, there is the potential for cross boundary transfer by motile algae and other organisms 
that move between stratified layers to optimize growth conditions, however, plankton that 
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move between layers are just as likely to transport phosphorous out of the epilimnion as they 
are into it (Barlow & Bishop 1965). 
These theories likely explain a large portion of the nutrient sources available during 
stratified conditions.  However, due to a focus on the pelagic zone, or the open water portions 
of a reservoir, they overlook areas of the water body where epilimnetic waters may interact 
with bed-sediments.  Most lake models or studies of this nature assume water bodies to be 
uniform, only accounting for growth within the pelagic zone (Lung et al 1976; Imboden 1974; 
Rucinski et al 2014).  These disregard a potential source of nutrients during summer stratified 
conditions, the shallow areas where light penetrates to the bottom and aquatic 
macroinvertebrates typically grow, known as the littoral zone.  Wetzel (2001) describes P 
minerals from the watershed as settling largely in near shore areas.  These near shore areas or 
littoral zones have been described as the most productive zone of lakes (Gessner et al. 1996, 
Cyr et al. 2009).  Redox conditions in littoral zones are thought to favor the continued storage 
of biologically available P in sediments because they typically do not stratify (Wetzel 2001).  
However, there is research indicating littoral areas may be an important source of nutrients to 
the reservoir.  James & Barko (1991) in their study of Eau Galle Reservoir found that internal 
loading of P in the littoral zone accounted for 22% of lake-wide average areal P flux in the 
month of July.  Another study by James & Barko (1993) found that transport of the P from the 
littoral to the pelagic zone accounted for 15% of the total P input to Eau Galle Reservoir and 
25% of the internal P load.    However, none of these studies have been conducted on a flood-
storage reservoir such as Beaver Lake.   
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Reservoirs tend to be highly branched or dendritic due to lateral tributaries and 
inundated stream valleys, resulting in more shoreline and shallow areas than a natural lake.  
Additionally, reservoirs have a catchment area to surface area ratio that is 3-4 times greater 
than natural lakes resulting in greater interaction with the catchment and higher potential for 
nutrient and sediment deposition (Hayes et al 2017).  Flood-storage reservoirs are further 
unique because their littoral areas experience fluctuating water levels, increasing the exchange 
of water and nutrients between littoral and pelagic zones (Kennedy & Walker 1990).  Adding to 
littoral zone complexity, cycles of drying and re-flooding in reservoirs can increase the 
availability of nutrients in the water (Baldwin and Mitchell 2001).  Finally, littoral zones of flood-
storage reservoirs are typically bare of macrophytes due to large annual water depth changes. 
Reservoir coves represent a unique opportunity to study littoral areas.  First, there are 
few studies of coves or littoral areas within coves.  Second, conditions within coves will be 
highly representative of the watershed draining to the cove as most contain a single inflow 
point to catch all watershed runoff.  Finally, a study of cove littoral areas presents a more 
controlled environment to model convective processes and their associated transport as the 
littoral area is not as open to influence from processes like wind disturbance in the main part of 
the reservoir.  Simply put, a shallow cove can be modeled to behave like a miniature reservoir 
with a boundary at the connection to the main reservoir.  While there is certainly hydraulic flux 
across the cove boundary with the reservoir, the limited inflow point from the watershed and 
the constricted cove-reservoir boundary are a more controlled study environment than a 
littoral area within the main body of the reservoir.  Knowledge is limited concerning littoral 
nutrient dynamics specific to flood-storage reservoirs.  Without this study, we may be missing 
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an important contributor to reservoir internal P loading that leads to eutrophication, algal 
blooms, and drinking water treatment impacts. 
1.2 Statement of Purpose 
I propose to study an isolated eutrophic cove in the War Eagle Creek arm of Beaver Lake 
to measure, quantify, and model the nutrient dynamics of littoral areas in flood-storage 
reservoir systems.  I will investigate the sources and dynamics of nutrients that lead to high 
chlorophyll-a concentrations in the most eutrophic cove on Beaver Lake and explore how 
nutrients and algal production within the cove impact the larger reservoir.  This research will 
lead to a greater understanding of littoral area contributions to algal production and the trophic 
state of a reservoir, a topic that is currently unknown for flood-storage and power generation 
reservoirs.  This research will support future lake models and may inform more strategic areas 
for the mitigation of internal P loading, a contributor to reservoir eutrophication.   
1.3 Hypotheses 
There are three main areas that will be explored in this research.  The first area of 
exploration is the dynamics of stratification and the resulting oxic conditions of the cove and 
their combined effect on bed-sediment P release.  My specific research hypotheses are: 
• The rate of aerobic and anaerobic P release from bed-sediments (mg m-2 d-1) to the 
overlying water as determined by linear regression will be positive (β>0, α=0.05); 
• Variability in bottom DO concentrations and temperature will be greater in the cove 
than that observed in the pelagic zone of the reservoir (σcove>σpelagic, 
Rangecove>Rangepelagic); and 
• P release and bed-sediment P concentrations will be positively correlated (r>0, α=0.05).  
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The second examines why in previous testing, Granny Hollow exhibited high algal 
productivity and yet very low concentrations of bioavailable P in the water column.  It is my 
hypothesis that algal growth consumes the P released from bed-sediments into the overlying 
water, which drives the bioavailable P concentration in the water below the equilibrium P 
concentration for the bed-sediments in the cove.  This in turn creates a gradient for additional P 
release by the sediments.  Specific research hypotheses include: 
• The rate of aerobic P release from bed-sediments (mg m-2 d-1) to the overlying water as 
determined by linear regression will be positive (β>0, α=0.05); 
• The concentration of biologically available P in the water column will be significantly less 
than the equilibrium P concentration as determined by ANOVA (x̄column SRP < x̄EPC); and 
• Algal productivity as measured by chlorophyll-a concentration will increase throughout 
the growing season as determined by regression (β>0, α=0.05). 
The third area will utilize a model to examine the nutrient dynamics of the cove, various 
transport mechanisms, and the potential effects of eutrophication in the cove on the main 
channel of the reservoir.  My research hypothesis is that: 
• A 3D lake model predicting water exchange and P-flux between littoral and pelagic 
waters for Granny Hollow will be statistically significant with a root mean square error 
of <=0.7 °C, and an r2>0.5 (α=0.05). 
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2 Literature Review 
2.1 Eutrophication 
 Eutrophication is the enrichment of waters with nutrients, organic matter, and 
sediments leading to excessive growth of plants and algae (Cooke et al. 1993).  Derived from 
the German adjective eutrophe, eutrophy indicates being nutrient rich.  Research in the early 
20th century to categorize lakes by their trophic status identified water bodies with higher 
production of algae in fertile lowland areas as eutrophic.  Later when analytical methods were 
available, nutrient levels, particularly P, were tied to the high productivity of eutrophic lakes 
(Wetzel 2001).  Within the hydrogeological history of the earth, eutrophication has been used 
to describe how some natural lakes slowly become more productive over time and eventually 
fill with sediment and organic material to the point of being a terrestrial system; a process that 
can take tens of thousands of years (Rast & Holland 1988). 
2.1.1 Cultural Eutrophication 
Eutrophication today is not just a long-term hydrogeologic process limited to fertile 
lowland areas.  Cultural eutrophication is a term used to describe eutrophication as a result of 
anthropogenic activity and can impact any water body.  A UN report on global water quality 
found that 23 out of 25 major lake systems across the globe received more than 50% of their P 
input from anthropogenic sources (UNEP 2016).  The effects of cultural eutrophication include 
harmful algal blooms and nuisance macrophyte production, impaired recreation, changes to 
biodiversity and species richness (Cooke et al. 1993), reduced aesthetic quality and economic 
value (Hasler 1969), loss of designated use, and a decreased lifespan for the reservoir 
(Carpenter 1998).  The biodegradation of dead algae and organic matter cause oxygen 
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depletion of the bottom waters leading to excessive levels of iron, manganese, and hydrogen 
sulfide (Rast & Holland 1988).  It is difficult to assess the global scale of cultural eutrophication 
although a survey by the International Lake Environment Committee (1993) estimated that 48% 
of North American, 54% of Asia-Pacific, and 53% of European lakes showed signs of 
eutrophication.  Another more recent study utilized remote sensing to estimate global 
distribution of mean chlorophyll-a concentrations for roughly 80,000 lakes.  Twenty-three 
percent of all lakes within the study had mean chlorophyll-a values that exceeded 10 mg m-3 
(Sayers et al. 2015), which is just shy of the threshold for eutrophic conditions (14.3 mg m-3, 
Wetzel 2001) 
2.1.2 Reservoir Eutrophication 
Eutrophication of reservoirs is related to watershed physiography, land use, soils, and 
climate (Cooke & Kennedy 2001).  Regarding physiography, catchment size governs the overall 
nutrient load delivered to a water body.  Reservoirs have a catchment area to surface area ratio 
that is 3-4 times greater than that found in natural lakes, resulting in greater interaction with 
the catchment and higher potential for nutrient and sediment deposition (Hayes et al 2017).  
Reservoirs also tend to have a much higher shoreline development ratio (the shoreline length 
of given lake versus the shoreline length of an equivalent area lake if it were a perfect circle) 
which is a result of their highly dendritic nature.  Reservoirs are more dendritic due to their 
lateral tributaries and inundated stream valleys, causing them to have much more shoreline 
and shallow areas than typically seen in a natural lake (Cooke & Kennedy 2001).  Also different 
from lakes, the fluctuating water levels (Kennedy & Walker 1990) and cycles of drying and 
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reflooding (Baldwin and Mitchell 2001) of reservoir shorelines can increase the availability and 
transport of nutrients.   
Regarding the land use in the reservoir catchment, nutrient inputs leading to 
eutrophication come from two sources, point and nonpoint source nutrients.  Point sources 
include discharge from industry and wastewater treatment plants while nonpoint sources 
include urban and agricultural runoff.  Nonpoint sources are the dominant contributor to the 
eutrophication of U.S. surface waters (Carpenter et al. 1998).  A study by Gakstatter et al. 
(1978) found that even if point sources were reduced to zero, 72-82% of eutrophic lakes within 
the U.S. would require reduction of nonpoint sources to meet water quality standards.  Streams 
draining urbanized or agricultural watersheds become enriched with nutrients which in turn 
stimulates periphyton and macrophyte growth (Cooke & Kennedy 2001).  Nonpoint nutrient 
inputs from agriculture come from the application of fertilizer and animal manure (Carpenter et 
al. 1998).  Application rates that exceed demand result in surplus conditions within the soil 
which are transported during runoff events (Cooke & Kennedy 2001).  Inputs from urban areas 
come from construction sites, lawn fertilizers, pet waste, and unsewered developments 
(Carpenter et al. 1998).  Urban areas are also at risk for higher peak discharge and flow volumes 
resulting in degradation of stream water quality and transport of additional sediments and 
nutrients to the reservoir through bank erosion (Cooke & Kennedy 2001).  Nonpoint source 
contributions to reservoir nutrient loads are also highly influenced by seasonal variability, land 
use change, and the spatial reference of land use to the water body.  Seasonal variability can 
influence nutrients delivered based on a myriad of factors including changes in hydrology, 
canopy cover, ground cover, and primary productivity to name a few (Migliaccio et al. 2007).  
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Land use change impacts nutrients delivered to water bodies by altering the timing, amount, 
and kind of nutrient input.  The matrix of land use and its spatial reference to streams impacts 
nutrients delivered with landscape elements near the stream having a greater influence on 
water quality, e.g. riparian buffers (Strayer et al. 2003).   
2.1.3 Reservoir Eutrophication by Zone 
2.1.3.1 Riverine-Transition-Lacustrine 
Trophic states within reservoirs are variable and dependent upon reservoir zone.  A 
trophic gradient is established in most reservoirs along a continuum from the inflow to the 
outfall.  The upper portion of the reservoir, termed the riverine zone, behaves more like the 
original river (Figure 2.2).  The riverine is the narrowest zone of the reservoir resulting in higher 
flow rates and greater levels of kinetic energy within the water column.  This keeps particles in 
suspension and entrains DO despite the high DO demand by organic material.  The riverine is 
generally classified as mesotrophic (Table 2.1).  Allochthonous material is dominant and 
nutrient levels are relatively high.  However, due to turbidity, light penetration is low, limiting 
photosynthesis and primary productivity (Wetzel 2001).  In the transition zone, the reservoir 
widens (Figure 2.1) and grows deeper while momentum from the inflowing tributaries is lost 
(Cooke & Kennedy 2001).  Conditions within the transition zone are typically eutrophic (Table 
2.1).  Sediment settles out and the water becomes clearer allowing for more light penetration.  
The nutrient content is still high, and with the increased light penetration primary productivity 
is at its maximum within the reservoir.  The transition zone then has a higher proportion of 
autochthonous material than the riverine.  During stratified conditions, the high organic 
content will result in anoxic conditions within the hypolimnion.  Finally, within the lacustrine 
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zone the reservoir behaves most like a natural lake (Figure 2.1) and is typically oligotrophic 
(Table 2.1).  Light penetration is greatest because most of the suspended sediment has settled 
out.  Primary productivity, however, can be limited as most of the nutrients have been spent 
within the transition zone.  Bacterial demand for DO is relatively low due to the low availability 
of organic material within the sediment and water column, which is primarily autochthonous 
(Wetzel 2001). 




Figure 2.1. Graphical depiction of reservoir zonation.  Modified from Kimmel et al. (1991). 
2.1.3.2 Pelagic-Littoral 
In addition to the riverine-lacustrine continuum, shallow and deep zones are also unique 
in their contributions to eutrophication of a reservoir.  The littoral zone is defined as the near 
shore area of a water body where sunlight penetrates to the bottom sediment allowing for the 
growth of macrophytes.  In natural lakes the littoral zone is where most sediments and P from 
catchment inflows settle out (Wetzel 2001).  This trend is not as applicable to run-of-the-river 
reservoirs due to the larger river inflows that can deposit sediments and nutrients far into the 
Parameter                   
(annual mean values)
Oligotrophic Mesotrophic Eutrophic
Total Phosphorus (mg m-3) 8 26.7 84.4
Total Nitrogen (mg m-3) 661 753 1875
Chlorophyll-a (mg m-3) 1.7 4.7 14.3
Secchi Transparency (m) 9.9 4.2 2.45
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reservoir along the thalweg.  However, near shore areas in reservoirs can be high in sediment 
and P deposits along the main reservoir channel and even more so in backwaters and coves 
(Boss and Neely, 2004).  As streams and rivers enter the reservoir in near-shore/shallow areas, 
water movement slows and particulates fall out of suspension, depositing nutrients and organic 
material along the bottom.  These nutrients and organic material become a source to fuel algal 
growth, which is supportive of the eutrophic nature of some littoral areas and coves.   
The pelagic zone is defined as an open water area of a lake where light does not 
penetrate to the bottom.  Unlike the littoral zone, the pelagic zone of most deep-water 
temperate reservoirs mixes less frequently.  In the summer the pelagic zone is typically 
stratified and after a fall turnover event, remains mixed for the remainder of the year.  During 
the summer growing season, the epilimnion is where most of the primary production occurs.  It 
remains productive even when summer external load inputs are at a minimum.  The epilimnion 
also cycles P within the reservoir during stratified conditions along a continuum from inflow to 
outflow.  The hypolimnion ranges from oxic to anoxic depending on temperature, presence of 
organic material, time, and location within the reservoir. 
2.1.4 Eutrophication and Drinking Water Treatment 
Eutrophication can lead to an array of problems in the treatment of drinking water.  The 
premature ageing of the reservoir by filling in with sediment can decrease the total drinking 
water storage capacity.  Eutrophication can lead to harmful algal blooms and taste and odor 
problems (Watson 2004), as well as disinfection byproducts formation, increased chlorine 
demand (Walker 1983) and filtration problems (Smith 1998).  The presence of cyanobacteria, 
which become prolific in eutrophic waters, is strongly associated with geosmin and 2-
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methylisoborneol (MIB), taste and odor compounds found in drinking water (Juttner & Watson 
2007).  The increased production of organic material under eutrophic influence results in the 
greater potential for the formation of disinfection byproducts (DBPs) which are formed in 
reactions between organic carbon and disinfectants.  Disinfection byproducts are associated 
with increased cancer risk, human stillbirths, and spontaneous abortion (Cooke & Kennedy 
2001).  At the front end of the plant, mitigating many of these problems results in increased use 
of flocculation chemicals such as alum, ferrous sulfate, and cationic polymers.  At the back end 
of the plant, there is an increase in disinfection chemicals including chlorine and chloramines 
depending on treatment strategy.  Eutrophication also leads to greater solids handling capacity, 
an increase in chemicals used to consolidate the solids, and higher solids handling and removal 
costs. 
2.1.5 Phosphorus Central to Eutrophication in Reservoirs 
The nutrient P is central to the problem of eutrophication in reservoirs primarily due to 
the Redfield ratio.  Wetzel (2001) provides an excellent review of the Redfield ratio, describing 
how carbon, nitrogen, and P are essential elements for all life and the elemental composition of 
algae under normal growth conditions will have an atomic ratio for carbon, nitrogen, and P of 
106:16:1, respectively.  Oligotrophic lakes often have an abundant supply of nitrogen but are 
limited by P (Wetzel 2001).  Experimental lakes studies have shown the power of increases in P 
alone on lake productivity, increasing algal productivity two orders of magnitude; the addition 
of nitrogen and P together did not have the same effect (Schindler 1974, 1975; Edmondson 
1970).  The foundational work in the experimental lakes and the discovery of the Redfield ratio 
have led to the development of simple models of reservoir P loading that can be used to predict 
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algal biomass response and trophic state.  In Vollenweider’s model (Equation 2.1), P loading 
rate to the reservoir (Lp, g m-2), mean water depth (z, m), and reservoir discharge per unit 
surface area (Qs, m acre-1), are used to predict chlorophyll-a concentrations (Cla, mg m-3) 
(Correll 1998).  Given the level of chlorophyll-a, other relationships have been devised to 







          (Equation 2.1) 
Wetzel (2001) further states, when P is available and abundant in eutrophic systems, 
nitrogen can become limiting.  As the summer growing season progresses, planktonic utilization 
of combined nitrogen can deplete the system.  A steady decline of available nitrogen is 
observed during the growing season in Beaver Lake each year (McCarty 2018).  When nitrogen 
becomes limiting and the ratio of N:P falls below 15, cyanobacteria proliferate due to their 
ability to fix nitrogen and thus outcompete other forms of algae.  The late summer proliferation 
of cyanobacteria in reservoirs is a signature of eutrophic systems when nitrogen has been 
depleted due to abundant P (Wetzel 2001).    
Correll (1998) summarizes that P is delivered to reservoirs in solid and dissolved forms.  
Once delivered to the reservoir, P is retained efficiently through biological assimilation or 
deposition of sediment and biota to bed-sediments.  The only form of P that can be assimilated 
by bacteria, algae, and plants is orthophosphate.  Other forms of dissolved and particulate 
forms of P must be chemically or enzymatically hydrolyzed to orthophosphate before they are 
biologically available (Correll 1998). 
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2.2 Internal Loading – eutrophication leads to high capacity for internal loading 
P that ends up in reservoirs exists in four different pools: (i) water column, (ii) 
suspended sediments, (iii) benthic sediments, and (iv) biota (Baldwin et al. 2002).  P stored in 
benthic sediments is the driver behind internal P loading.  Orihel et al. (2017) defines internal 
loading as all physical, chemical, and biological processes by which P is mobilized from the 
benthic environment to the overlying water.  When released from sediments, the inorganic P is 
then readily available for assimilation by algae and other organisms.  The amount of P available 
in lake sediments is dependent upon several factors including geology, external loading, 
sediment deposition, lake residence time, and lake productivity.  Sedimentation of P happens 
via four mechanisms: 1) sedimentation of mineral P from the watershed; 2) adsorption or 
precipitation with inorganic compounds; 3) sedimentation with organic material from the 
watershed and lake; and 4) uptake of P from attached microbiota.  Of concern is the adsorption 
and precipitation with inorganic compounds, which is influenced by redox conditions.  This can 
happen in three ways, coprecipitation with iron and manganese, adsorption to clays and 
amorphous oxyhydroxides, and P associated with carbonates (Wetzel 2001).    
2.2.1 Factors Impacting Internal Loading 
2.2.1.1 Redox:  
In the classic model described by Mortimer (1941 & 1942), P release and uptake from 
bed-sediments is regulated by the redox conditions within the water and sediment.  The 
primary mechanism for release and uptake is through desorption and adsorption of phosphate 
anions with ferric oxyhydroxides and hydrous ferric oxides due to their high surface area (Orihel 
et al. 2017).  Typically, under oxidizing conditions, ferrous iron (Fe2+) and phosphate (PO43-) are 
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oxidized and precipitate out as Fe3+ oxyhydroxides.  Under reducing conditions, Fe3+ is reduced 
to Fe2+ causing the bound PO43-  to desorb back into the water (Mortimer 1941, 1942).  The 
most important location within the water body governing this interaction is the sediment-water 
interface.  According to Carlton and Wetzel (1988), aerobic conditions in the waters above the 
bed-sediments maintain an oxidized sediment-water interface on the order of one to three mm 
thick.  Redox potential within the sediment decreases with depth.  This leads to dissolved iron 
and phosphate species within the sediment pore water in some cases as little as three 
millimeters below the oxidized interface.  However, the oxidized interface can create a redox 
barrier that resists the transport of dissolved constituents out of the sediments through 
diffusion.  When waters over bed-sediments become anaerobic, there is no longer an oxidized 
interface to prevent the release of dissolved substances into the water column (Carlton & 
Wetzel 1988).   
Aerobic and anaerobic conditions generally occur in reservoirs that stratify.  During 
stratification, surface and bottom waters are separated from each other by a density gradient.  
The surface layer, known as the epilimnion, is generally well mixed and oxygenated from 
interactions with the atmosphere.  Bottom waters, called the hypolimnion, are separated from 
the atmosphere and mixing conditions; given enough time and respiration, the dissolved 
oxygen (DO) will be consumed resulting in anoxic conditions (Wetzel 2001).  These conditions 
result in summer periods of bottom anoxic conditions during stratification followed by long 
periods of aerobic conditions from late fall through spring. 
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2.2.1.2 Nitrogen: 
Nitrogen species within the water column can also have in impact on P release in two 
ways.  First, related to the redox process, even under anaerobic conditions nitrate and nitrite’s 
combined oxygen can maintain the redox potential above the threshold at which P is released 
from bed-sediments, effectively maintaining the oxidized microboundary (Andersen 1982; 
Orihel et al. 2017).  When the water switches to anaerobic conditions, such as after thermal 
stratification, there is no longer the oxygen necessary in the water for nitrification to occur 
(conversion of NH3 to nitrate and nitrite by nitrifying bacteria).  Denitrification (conversion of 
nitrate and nitrite to N2(g) by denitrifying bacteria), which requires anaerobic conditions, 
eventually takes over.  In a process called nitrate dependent iron oxidation (NDFO, Carlson et al 
2013), denitrification releases oxygen which can be used to oxidize iron, maintaining the redox 
conditions that keep the P bound to iron oxyhydroxide.  Once the oxidized nitrate and nitrite 
(N+N) has been converted to N2(g), there is no longer enough oxygen present to buffer the 
redox potential at a level high enough to prevent P release from the bed-sediments.  The 
nitrate-reducing bacteria then utilize iron as an electron acceptor, causing the P to be released 
(Jansson 1986).  This process can lead to a delay in P release from bed-sediments even after the 
onset of anaerobic conditions until levels of N+N are brought low enough.  Second, 
polyphosphate accumulating organisms (PAOs) store up phosphate during aerobic conditions 
and release it during anaerobic conditions but are inhibited by N+N and O2.   This is the 
anaerobic P-release phase in biological phosphate removal systems for wastewater treatment 
plants (Levin & Shapiro 1965).  When N+N is low enough, PAO P-release is no longer inhibited 
due to the reduction of free and combined oxygen. 
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2.2.1.3 Biological Activity, Temperature, and pH: 
Biological activity has also been shown to be associated with P release from bed-
sediments, although most of the factors are still related to redox conditions.  The following are 
some of the ways in which biological activity can impact sediment P release: 1) bacteria are 
responsible for increasing the P concentration of sediment pore-water but account for <5% of 
the total P movement between the sediment and the overlying water (Wetzel 2001).  2) 
polyphosphate accumulating organisms, as previously described can also impact the release 
and uptake of P from sediments.  3) algal growth can change the pH and oxygen profiles of the 
water.  4) photosynthesis and respiration by algae can be enough to change the daily redox 
conditions at the sediment-water microboundary (Carlton & Wetzel 1988).  Research by Gao et 
al. (2012) found that large algae blooms can influence the pH of waters overlying sediments, 
resulting in P release, especially at pH>9.  Under neutral pH, redox conditions are the prevailing 
force determining adsorption or release, however, at highly alkaline pH, P mobility is enhanced 
through the breaking of surficial Fe-P bonds (Gao et al. 2012).  5) regarding temperature, 
Carlton and Wetzel (1988) found in their P release experiments that P flux observed at 17 °C did 
not exist at 11 °C, indicating that the dominant mechanism driving P flux was biological.  P 
release has also been observed under aerobic conditions when temperatures were above 10-15 
°C (Wetzel 2001).   
2.2.1.4 Significance of Littoral Areas: 
Shallow areas are often overlooked as a source of internal P load because they typically 
do not stratify and have frequent mixing events.  Therefore, redox conditions of the waters 
overlying sediments are thought to favor the continued storage of biologically available P in 
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sediments (Wetzel 2001).  Despite aerobic conditions in the waters, average chlorophyll-a (chl-
a) concentrations in coves (x̄chl-a=13.28, σ=5.82, n=54) are greater than the pelagic (x̄chl-a=11.72, 
σ=4.28, n=134) during the growing season on Beaver Lake (McCarty 2018).  Observations that 
would support this kind of algal growth were made by James & Barko (1991) in their study of 
Eau Galle Reservoir.  They found that internal loading of P in the littoral zone accounted for 22% 
of lake wide average areal P flux in the month of July.   
Wetzel (2001) describes P from the watershed as settling largely in shallow, near shore 
areas.  This can then lead to higher aerobic release rates in littoral vs profundal zones 
(Andersen & Ring 1999).  The difference in littoral versus profundal water volumes means that 
littoral areas have a much smaller volume of water to buffer the P released from sediments, 
which in turn can create a zone of higher soluble P concentration within the water.  In addition, 
littoral areas typically receive light penetration to the bed-sediments, allowing benthic and 
suspended algae full access to P released from sediments (Marsden 1989).  All these factors 
contribute to the observation that littoral areas tend to be the most productive zone of a lake 
(Gessner et al. 1996, Cyr et al. 2009).   
Littoral zones also differ from the pelagic in that it is a place where waters can interact 
with sediments and substrata.  Substrata consists of inorganic and organic materials and 
creates an opportunity for attachment of biota and development of emergent plants.  
Emergent plants can then provide a pathway for transport of nutrients out of the substrata.  
The combined effect of substrata surface area, light, and temperature results in colonization of 
bacteria and also leads to anaerobic conditions in the interstitial waters within the sediments 
near the sediment-water interface.  These anaerobic conditions in the interstitial waters result 
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in low redox conditions and increased solubility of P.  Mixing conditions from reservoir inflows, 
wind, recreation, or thermoconvective currents can easily mobilize these solubilized nutrients 
in the interstitial waters.  In addition, nutrient concentration gradients form that can result in 
further uptake or release of soluble nutrients from the interstitial waters to the overlying 
waters (Wetzel 2001). 
When examining P release from littoral sediments, it is evident that it differs from 
release models developed for the pelagic zone.  There have been many studies examining why 
P release from sediments in an aerobic littoral zone may counter the classic model described by 
Mortimer (1941 & 1942).  Diurnal changes in DO at the sediment-water interface, influenced by 
photosynthesis and respiration of benthic algae has been described by Carlton and Wetzel 
(1988) and Dodds (2003) as a potential explanation.  During the day, photosynthesis by benthic 
algae maintain oxidized conditions at the sediment-water interface.  However, at night when 
the algae shift to respiration, there can be an erosion of the oxidized condition at the sediment-
water interface, allowing P that was bound to become soluble.  Photosynthesis can also change 
the pH condition at the sediment-water interface where oxic waters with high pH were 
observed to release P (Bostrom 1988).  Similarly, bacterial respiration of organic matter can 
alter the redox conditions at the sediment-water interface as well as release P through 
mineralization (Hupfer & Lewandowski 2008).  Stratification events can also influence bottom 
redox conditions.  Temperature has been shown to impact P-release in shallow areas where 
water temperatures are more prone to large diurnal changes.  Higher temperatures increase 
the mineralization rate of organic matter by bacteria and subsequently increase the oxygen 
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demand within sediments which can influence redox conditions at the sediment-water 
interface (Hupfer & Lewandowski 2008).   
2.2.2 Nutrient Cycling and Transport 
The cycling and transport of P within a reservoir plays a significant role in internal 
loading.  Biologically available P within the water column is utilized by algae for the creation of 
proteins and nucleic acids, metabolic processes and ATP, and to produce other chemicals 
necessary for cell functions.  At the end of their life cycle, algae either senesce and fall to the 
bottom to be incorporated into the benthic sediments or they are consumed by zooplankton.  
Algae that accumulate in the benthic sediments all add to the sediments P pool.  The general 
direction of P is to leave the photic zone where is it first incorporated by algae and migrate to 
the bed-sediments increasing long term storage.  Therefore, sustained algal growth requires a 
constant influx of nutrients into the photic zone. 
P inputs to the photic zone are sustained via various transport mechanisms.  There have 
been multiple strategies explored for how P is transported to the photic zone where it is 
available for algal use.  First there is input from the watershed through tributary inflows.  
Soluble reactive P (SRP) is often used as a surrogate to quantify P that is biologically available 
(Wetzel 2003).  SRP levels in streams, especially those in urban, agricultural, or with point 
source influence are often much higher than concentrations typically seen in reservoirs.  As an 
example, SRP concentrations in the White River above the point where it flows into Beaver Lake 
from Beaver Water District’s July 2018 sampling event were 0.013 mg L-1, while SRP 
concentrations taken from the raw water intake on Beaver Lake during that time were less than 
the method detection limit (MDL) of 0.005 mg L-1 (McCarty 2018).  Inflows can enter the lake as 
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a surface, intermediate, or bottom flow depending on the time of year, reservoir and inflow 
water temperature, stratified conditions, weather conditions, and lake level (Ford 1990).  
Surface inflows in late summer in the White River system can be dominated by point source 
discharges due to it being a dry part of the year.  However, it is unlikely that these surface 
inflows high in P can affect epilimnetic algal growth within the entire transition zone where 
peak algal growth occurs.  This partly has to do with water residence time within the reservoir 
during summer.  Water residence time in the epilimnion of Beaver Lake during late summer is 
at its highest point during the year for two reasons: 1) July and August tend to be the driest 
time of the year with little watershed runoff to refresh waters in the epilimnion, and 2) even 
though hydropower generation from the dam is running at peak to meet hot weather demand, 
the water is pulled from the bottom of the reservoir in the hypolimnion.  During this time, 
surface inflows that are high in P are slow to move throughout the entire reservoir.  This 
indicates that surface inflows from the two main tributaries cannot be the primary mechanism 
delivering nutrients for algal growth.   
Since surface inflows are not likely to account for the full nutrient input to the 
epilimnion during late summer, researchers have explored various phenomena that can cause 
mixing between the epilimnion and the nutrient rich hypolimnion.  Internal seiches are like 
waves that exist within a specific density layer of the lake.  They can be caused by wind, 
atmospheric pressure, or even the daily cycling of hydropower generation.  As these internal 
waves move, they have the tendency to create rolling currents that mix with other density 
layers within the reservoir.  Internal seiches have also been observed to cause upwellings when 
the wave meets a vertical boundary  (Ostrovsky et al. 1996).  Upwellings can carry nutrient rich 
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waters from the hypolimnion into the epilimnion and can also be caused by a simultaneous rise 
in the thermocline and drop in surface water temperatures (Corman et al. 2010).  Wind induced 
mixing can also temporarily break down stratification and is influenced by the speed and 
direction of the wind (James 2017 and Kamarainen et al. 2009).  Other factors impacting mixing 
between the epilimnion and hypolimnion include recreation and boating. 
Researchers have also explored P regeneration within the epilimnion, or the transfer of 
P from the particulate pool to the dissolved pool.  Studies have determined that various 
microorganisms including protists, and bacteria are the major source of regenerated P within 
the algae communities of water bodies (Hudson & Taylor 1996, Hudson et al. 1999).  
Kamarainen et al. (2009) reported algae abundance despite nutrient limitation and suggested 
that P regeneration, organic P mineralization, and luxury uptake by bacteria during times of 
high P availability as potential sources of dissolved P during stratification.  Missing from these 
studies is a mass balance of all P inputs and outputs from the epilimnion.  While P 
mineralization, luxury uptake, and regeneration are definite sources of dissolved P to maintain 
algal growth, it remains to be seen how they account for increases in algal productivity or how 
they are impacted by settling of P out of the epilimnion.   
There is also the potential for cross boundary transfer by motile algae and other 
organisms that move between stratified layers to optimize growth conditions.  Some algae and 
cyanobacteria have been shown to exercise a competitive advantage through luxury uptake of 
nutrients from the hypolimnion at night followed by a return to the surface during the day 
(Salonen et al. 1984).  However, plankton that move between layers are just as likely to 
transport phosphorous out of the epilimnion as they are into it (Barlow & Bishop 1965). 
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One final mixing and transport mechanism that may increase P availability in the 
epilimnion is thermoconvective flow.  Thermoconvective flow is a result of uneven buoyancy 
within the lake driven by heat exchange across the surface of the lake.  During periods of 
surface warming, flows move upslope from deeper waters into the shallow littoral area and 
then spread across the surface.  During periods of cooling, the flow is reversed, and surface 
water is transported to the littoral areas where it slips down slope into deeper water.  Sinking 
flows will level out when they reach a layer of equal density (James & Barko 1991b).  James & 
Barko (1993) observed that thermoconvective flow was responsible for transport of P from the 
littoral to the pelagic zone accounting for 15% of the total P input to Eau Galle Reservoir.     
2.2.2.1 Equilibrium P Concentration 
Twinch and Peters (1984) showed that an SRP equilibrium between bed-sediments and 
overlying waters is buffered by the sediments, allowing for release or uptake depending on the 
SRP concentrations in each.  The direction of the P flux is controlled by the gradient.  They 
observed and documented multiple studies where aerobic release of P occurred.  Twinch and 
Peters point out that this is difficult to determine using field studies due to the very low 
concentrations of SRP on the overlying waters and well-mixed conditions.  The equilibrium P 
concentration (EPCo) is the concentration of SRP in the overlying water when sediment SRP 
release and sorption are in equilibrium (Cyr et al. 2009).  If SRP<EPCo, then sediment P release 
occurs, and if SRP>EPCo, then sediment P uptake occurs.   
In equations described by Reddy et al. (1998), the amount of P sorbed per dry weight of 
sediment (S’, mg Psorbed kg-1 dry sediment) is regressed against the final SRP concentration (Cf, 
mg l-1) according to the following equation: 
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𝑆′ = 𝐾𝑑 ∗ 𝐶𝑓 − 𝑆𝑜         (Equation 2.2) 
where So is the initial P sorbed in the sediment (mg kg-1) and Kd is the linear sorption coefficient 
(l kg-1).  The x-intercept of the linear regression represents the point at which P sorption and 




          (Equation 2.3) 
There have been several studies concerning EPCo of lake sediments.  In the Belmont et 
al. (2009) study of the upper chain of lakes draining to Lake Okeechobee in Florida, EPCo values 
ranged from 1.0-192 µg l-1.  Some of the lakes had average SRP values that exceeded the EPCo, 
indicating sediments acted as a sink for P, while the opposite was true of other lakes.  Belmont 
et al. points out that as water management strategies work to reduce the concentration of SRP 
in lake waters, often below the EPCo, sediments will likely continue to act as sources of P, even 
more so in lakes where sediments have been a sink for P prior to reduction strategies.  This 
point was also emphasized by Lai and Lam (2008) in their EPC study of the Mai Po Marshes in 
Hong Kong.  SRP concentrations at most of the sites sampled were greater than the calculated 
EPCo, indicating a gradient of P into the sediments.  In addition, the sediment buffering capacity 
indicated the sediments could store considerably more P.  Future strategies to reduce external 
P loading and SRP concentrations within the marshes will be difficult to achieve due to the 
massive storage of P in the sediments and their ability to deliver P back to the water when SRP 
concentrations are reduced below the EPCo.   
Finally, Cyr et al (2009) found that in Lake Opeongo, a oligo-mesotrophic lake in Canada, 
EPCo conditions of the littoral area ranged from 0.2-5.0 µg l-1 while SRP concentrations in the 
overlying water were undetectable, indicating the sediments were a likely source of P to the 
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water.  Specific to the littoral zone is the ability for algae to influence the EPCo conditions 
because the photic zone and epilimnion all intersect, creating for mixed conditions and algal 
growth in waters in constant contact with the sediments.  Twinch and Peters (1984), Golterman 
(1973), and Wetzel (2001) have all indicated the possibility of algae driving the release gradient, 
although none have provided evidence to the point.  In theory, algal demand for SRP can 
reduce concentrations in the overlying waters to near zero, far below the EPC for most 
sediments, especially those in eutrophic areas.  This maintains the release gradient of SRP from 
the bed-sediments to the overlying waters. 
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3 Sediment Phosphorus Release in a Shallow Eutrophic Reservoir Cove  
James A. McCarty 
Abstract 
Internal phosphorus loading is a leading contributor to eutrophication in reservoirs and 
can cause harmful algal blooms as well as water treatment issues for drinking water reservoirs.  
Small sheltered embayments, called coves, represent an area of reservoirs that have not 
received adequate attention even though when compared to the pelagic zone of the reservoir 
they experience higher nutrient and sediment deposition and primary production per unit area.  
This study investigates a shallow eutrophic cove in Northwest Arkansas’ Beaver Lake to quantify 
the coves potential to contribute to phosphorus loading and eutrophication within the 
reservoir.  The study period was from 3-16 July 2018.  Water column profiles of depth, 
temperature, and dissolved oxygen were measured from a floating sensor platform that also 
contained a weather station.  Cove bed-sediment samples were collected at three locations in 
the cove and analyzed for chemical composition through Mehlich III extraction and phosphorus, 
nitrate + nitrite, and ammonia release rates with aerobic and anaerobic sediment core 
incubations.  Bathymetry data was collected using a depth sonar system.  Sensor platform 
profiles indicated dynamic bottom temperature and dissolved oxygen conditions with transient 
(<24 hours) influxes of hypoxic waters that occurred several times.  Phosphorus release rates 
from bed-sediment incubations were as high as 2.02 mg m-2 d-1 under aerobic conditions and 
4.05 mg m-2 d-1 under anaerobic.  Nitrogen bubbling in the sediment cores was used to initiate 
and sustain anaerobic conditions, however, anaerobic conditions were delayed by the presence 
of Nitrate + Nitrite which contain combined oxygen.  Phosphorus release did not occur until 
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denitrification decreased nitrate + nitrite concentrations low enough for reducing conditions to 
be present.  For the study period, total P loading from the sediment to the overlying water of 
roughly one kilogram was determined using cove profiles, bathymetry, and phosphorus release 
rates.  When compared to whole-lake P release averages conducted for beaver lake, eutrophic 
coves are a disproportionate source of phosphorus per unit area within the reservoir.  This may 
yield opportunities for more efficient use of internal loading remediation techniques such as 
the application of alum to permanently bind sediment P.  The results of this paper also suggest 
that we should not continue to overlook shallow area bed-sediment phosphorus flux when 
considering the phosphorus mass balance of a reservoir. 
3.1 Introduction 
Eutrophication is a process by which the rate of enrichment of waters with organic 
material is increased (Nixon 1995).   Globally, it is a cause of surface water quality degradation 
brought on by a rapid increase in human activity (Mekonnen & Hoekstra 2018).  In reservoirs 
used for water supply, eutrophication can lead to harmful algal blooms and taste and odor 
problems (Watson 2004), as well as disinfection byproducts formation, increased chlorine 
demand (Walker 1983) and filtration problems (Smith 1998).  Depending on severity, treatment 
problems encountered as a result of eutrophication may necessitate costly treatment upgrades 
that are borne by the consumer.  It is important then that the severity of the problem be 
quantified, and potential locations identified where eutrophic conditions are exacerbated.  An 
area of reservoirs that has received little attention is the littoral zone along shorelines and in 
coves.  The following paragraphs will discuss why nutrient deposition, internal loading, and 
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primary production within littoral areas such as those found in coves differ from the main body 
of the reservoir. 
Concerning nutrient deposition, Wetzel (2001) described nutrients from the watershed 
depositing predominantly in shallow, near shore areas.  This is even more pronounced in 
reservoirs because of their shoreline development ratio.  Reservoirs tend to be highly dendritic 
due to lateral tributaries and their inundated stream valleys, causing them to have more 
shoreline and shallow areas than typically seen in a natural lake.  Additionally, reservoirs have a 
catchment area to surface area ratio that is 3-4 times greater than that found in natural lakes 
resulting in greater interaction with the catchment and higher potential for nutrient and 
sediment deposition (Hayes et al. 2017).  The littoral area of shorelines and coves also 
experience fluctuating water levels that increase the exchange of water and nutrients between 
the littoral and pelagic zones (Kennedy & Walker 1990).   
Regarding nutrient loads, littoral areas are more intricate than deep stratified areas as a 
source of internal phosphorus (P) load because they are typically well mixed and only 
experience short-term stratification events.  In Herb and Stefan’s (2004) model of a shallow 
lake with submersed macrophytes they found that diel patterns of mixing driven by surface 
heat transfer and wind could disrupt shallow stratification patterns and transporting dissolved 
oxygen throughout the water column.  When bottom waters are aerobic, redox conditions are 
thought to favor the continued storage of biologically available P in bed-sediments (Wetzel 
2001).  In the classic model described by Mortimer (1941 & 1942) internal loading is driven by 
the redox condition at the sediment-water interface.  When ferrous iron (Fe2+) and phosphate 
are present in the water, Fe3+ oxyhydroxide is coprecipitated with phosphate under aerobic 
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conditions.  Under anaerobic conditions, Fe3+ oxyhydroxide is reduced to Fe2+ and the 
previously bound phosphate dissolves back into the water.  The redox condition of the 
overlying water is one of the primary drivers of the redox condition at the sediment-water 
interface.  Holdren and Armstrong (1980) found that sediment P release will occur under low 
oxygen conditions if the rate of oxygen utilization at the sediment-water interface is high 
enough to create reducing conditions.  Similarly, Wang et al. (2016) found that hypoxic (<2 mg 
L-1 DO) conditions in the water overlying sediments for a deep-water system in Southwest China 
resulted in the release of P from sediments.  Finally, in their review of internal P loading in 
Canadian freshwater lakes, Orihel et al. (2017) summarized that core incubations under hypoxic 
conditions had significantly higher P release rates than those under oxic conditions. 
In addition to redox driven release in the classic model, Welch and Cooke (1995) 
identified several mechanisms influencing P release that are more pronounced in shallow 
eutrophic water bodies which include sediment resuspension, organic material decomposition, 
photosynthetically induced changes in pH, and periodic anaerobic conditions.  Andersen and 
Ring (1999) found that littoral bed-sediments like those found in coves had higher release rates 
than pelagic bed-sediments under oxic and anoxic incubations as well as higher levels of org-P 
in the surface sediments.  This would support the previous assertion that nutrients settle 
predominantly in near-shore littoral areas.  Marsden (1989) observed nutrient rich water 
bodies that are shallow and only temporarily stratify may create conditions where high P 
concentrations develop.  When the shallow water mixes again, the water body is not sufficient 
to buffer the P and could result in high concentrations of soluble reactive P (SRP) in the photic 
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zone (the layer of water that sunlight penetrates).  This becomes more likely the shallower the 
hypolimnion (Marsden 1989). 
Concerning primary production, shallow littoral areas have been described as the most 
productive zone of a lake (Gessner et al. 1996, Cyr et al. 2009).  The morphometry and 
watershed conditions unique to coves described above lead to greater nutrient concentrations 
within cove sediments.  Algae in the photic zone of shallow areas have access to these nutrients 
released by the sediments for most of the year because shallow areas stay well mixed (Welch & 
Cooke 1995).  More importantly, algae have access to nutrients released during the summer 
when peak algal growth occurs (Sondergaard et al. 2003).  McCarty (2018) observed that during 
the summer, some of the highest chlorophyll-a (chl-a) values observed in Beaver Lake were in 
shallow littoral areas such as coves.  Sondergaard et al. (2003) provides additional explanation 
for the high productivity of shallow areas reporting that the high sediment surface area to 
water volume ratio in shallow areas may also lead to a greater influence of sediment nutrient 
release on water column concentrations.  In contrast to shallow areas, algae in the pelagic zone 
of thermally stratified lakes are often cut off from nutrients released from the sediments for a 
large part of the year, unless the lake is susceptible to wind mixing and vertical entrainment 
(Welch & Cooke 1995).   
The objective of this study was to improve the understanding of how shallow eutrophic 
coves contribute to internal P loading and eutrophication within Beaver Lake.  This research 
quantifies the potential bed-sediment P release rates under aerobic and anaerobic conditions 
for a shallow eutrophic cove and utilizes water column temperature profiles and DO data to 
determine when those conditions existed over a given area.  Further, the potential release rate 
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for bed-sediment P and the total P flux to the cove was quantified for the two-week study 
period.  This study explores several hypotheses.  First, due to the eutrophic nature of the study 
cove, P release from bed-sediments will be observed under both aerobic and anaerobic 
sediment core incubations.  Second, variability in the temperature and concentration of DO in 
the water column will be observed.  Third, P release and bed-sediment P concentrations will be 
positively correlated.  Findings from this study will support future research and modelling into 
the impact of eutrophic conditions in reservoir coves. 
3.2 Methods 
3.2.1 Site Description 
Beaver Lake was constructed for the purpose of hydropower production, flood control, 
and drinking water in Northwest Arkansas; as the river flows, Beaver Lake is the first large 
impoundment of the White River system.  In the chain of reservoirs, it is the first to fill and the 
last to empty.  Granny Hollow is a 4.4-hectare cove located in the War Eagle arm of Beaver Lake 
and located at the following coordinates: 36.201° N, -93.971° W (Figure 3.1).  The portion of the 
cove used in this study was roughly 500 m in length and oriented SE (upper cove) to NW (cove 
mouth) (Figure 3.1).  Data was collected at three sites that were selected to follow the thalweg 
of the cove and were spaced evenly, an upper cove site (UP), a mid-cove site (MD), and a site 
containing the research platform at the mouth of the cove (PF) (Figure 3.1).  The shallowest 
site, UP, was offset from the upper most part of the cove to account for water level changes as 
the summer progressed, ensuring it would not go dry. 
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Figure 3.1.  Granny Hollow with associated bathymetry and sampling sites PF, MD, and UP.  
Stars indicate the location of the cove within the state of Arkansas and within Beaver Lake.  The 
dashed line represents the study boundary.  The cove boundary with the main channel of the 
reservoir (War Eagle Creek arm of the reservoir) is annotated at the top of the detailed cove 
figure. 
Granny Hollow has an average depth of 3.5 m, a max depth of 6.9 m, and a slope of 
1.2% toward the mouth of the cove.  The thalweg meanders from the upper part of the cove to 
the mouth moving SE to NW (Figure 3.1).  The average depth at each site throughout the study 
period was 5.2 m at PF, 3.75 m at MD, and 2.4 m at UP.  From 3-16 July water levels declined by 
0.2 m (USACE 2018), representing a 6% decline in water volume and less than a 1% decline in 
water surface area. 
The watershed draining to Granny Hollow had an area of 1,155 hectares with land use 
high in agriculture.  Pasture was 38%, forest 54%, and there was a total of 24 current and legacy 
poultry houses for a density of 2.1 poultry houses km-2.  Average summer pH and 
concentrations of nutrients and suspended solids for the photic zone and bottom of Granny 
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Hollow are shown in Table 3.1.  Granny Hollow was selected for study because of its 
consistently high chl-a measurements during the previous three years with an average surface 
grab sample concentration of over 15 µg l-1 and a maximum concentration of 36.9 µg l-1 during 
the growing season for the years 2016-2017 (McCarty 2018). 
Table 3.1. Average summer concentrations of nitrate+nitrite, total nitrogen, soluble reactive 
phosphorus, total phosphorus, pH, and total suspended solids for bottom waters and the photic 
zone of Granny Hollow (McCarty 2019).  Standard deviation in parenthesis.  Asterisk indicates 
reported value was below the method detection limit (0.005 mg L-1). 
 
3.2.2 Data Collection 
A stationary floating sensor platform was installed at the mouth of the cove at site PF 
(Figure 3.1) that recorded profiles of the water column using a Hydrolab HL7 Multiparameter 
Sonde.  Hourly profiles were taken over a two-week period from July 3rd to July 16th in 2018.  
The profiler was set to capture a full vertical profile every hour with a 0.5 m resolution.  Sensors 
included depth, temperature, and DO.  All recorded profile depths were translated into height 
above bottom elevation (m MSL).  Reservoir bottom elevation at the profiler was 337.3 m MSL.  
The profiler also included a weather station to collect air temperature, rain data, and wind 
speed and direction.  Weather data was logged at 5-minute intervals via telemetry.  Air 
temperature was accurate to within +/- 0.21 °C and wind speed within +/- 1.1 m s-1. 
Bathymetric data was collected via a Lowrance HDS-7 Gen2 depth sonar system.  Depth 
and sonar readings were taken at 1 second intervals along a gridded pattern in the cove with 
line spacing of less than 10 m.  As much overlap as was reasonable was completed to have the 
best data for bathymetry.  Reefmaster (2018) was used to create the bathymetry raster files.    
Depth (m) n
Photic Zone Mean 8 0.66 (0.39) 1.19 (0.33) 0.002* (0.002) 0.04 (0.01) 8.29 (0.51) 7.13 (4.10)
Bottom Mean 8 0.58 (0.54) 1.37 (0.40) 0.004* (0.005) 0.07 (0.04) 7.45 (0.32) 26.30 (14.61)
TSS mg l-1N+N mg l-1 TN mg l-1 SRP mg l-1 TP mg l-1 pH
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Bed-sediments were collected at the three sites depicted in Figure 3.1, UP, MD, and PF.  
Three intact replicate cores were collected at each site using a coring device with plexiglass 
tubes (6.35 cm inside diameter).  The coring device was inserted into the bed-sediments until 
refusal after which the sediment cores were removed from the bottom and sealed at each end 
under water with no. 13 rubber stoppers.  Sediment depth in each core was a minimum of 15 
cm and a maximum of 30 cm to still allow for 1 L of overlying water.  Cores with too much 
sediment were either rejected or sediment was removed from the bottom to accommodate the 
appropriate amount of overlying water.  Only cores that were intact and undisturbed were 
returned to the lab for incubation.  Upon return to the lab, the depth of water overlying each 
core was adjusted to 1 L.  The sediment cores were wrapped in aluminum foil to exclude light 
and incubated at room temperature, approximately 22 °C.  All the cores were first incubated 
with air bubbled through the water column for a period of 14 days which will be referred to as 
the aerobic incubation phase.  Dissolved oxygen concentration of the cores was sampled each 
day to confirm the DO concentrations indicated aerobic conditions.  The minimum DO 
concentration observed during aerobic incubation was 6 mg L-1 DO.  After the 14-day aerobic 
period, the cores were then continuously bubbled with nitrogen gas (N2) with 300 ppm CO2 for 
a minimum of 14 days, which will be referred to as the anaerobic incubation phase.  Daily DO 
measurements indicated all cores were <1mg L-1 DO by the second day of nitrogen bubbling 
and maintained that level for the remainder of the study.   
A 21 ml water sample was removed from each core daily for the first 7 days under 
aerobic and anaerobic conditions and then every other day for the remainder of aerobic and 
anaerobic incubations.  The overlying water was maintained at a volume of 1 L using filtered 
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(0.45 um membrane) reservoir water with known SRP, N+N, and Ammonia (NH3) 
concentrations collected from Granny Hollow at the time the cores were taken.  Soluble 
reactive P was measured using the automated ascorbic acid reduction technique in EPA Method 
365.1 (EPA 1993a).  Nitrate+nitrite was measured by reducing the nitrate to nitrite via the 
copper-cadmium reduction technique, then the total nitrite representing combined Nitrate + 
Nitrite was measured using automated colorimetry in EPA Method 353.2 (EPA 1993b).  
Ammonia was measured via semi-automated colorimetry using the sodium salicylate technique 
in EPA Method 351.2 (EPA 1993c). 
A linear regression of P mass (mg L-1 SRP multiplied by 1 L core volume) in the overlying 
water as a function of time was performed for each core for the aerobic and anaerobic 
incubations.   Concentrations were corrected for the removal of the 21 ml sample volumes and 
addition of replacement water.  The slope of the linear regression line represented the change 
in mass of SRP over time (mg d-1); dividing by the surface area of the sediment (0.0032 m2) in 
each core yielded the P release rate (mg m-2 d-1).  Under aerobic conditions, SRP concentrations 
in the waters overlying sediment cores will often reach a steady state or equilibrium (Wang et 
al. 2008).  This is referred to as the equilibrium P concentration (EPCo) of the sediment, or the 
concentration of P in the overlying water such that the rate of P uptake and release by the 
sediments are in equilibrium (Cyr et al. 2009).  In aerobic core incubations, the EPCo is the 
theoretical maximum concentration of P that will be maintained in the water column.  Due to 
this tendency in aerobic core incubations, the linear portion of the aerobic incubation release 
curve was used to determine the potential aerobic release rate.  This method is also similar to 
oxygen demand studies where the linear portion of the demand curve is used to set the rate 
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while the portion of the demand curve at 0 mg L-1 DO is excluded.  The potential P release 
capacity of the sediments determined using this method more accurately mirror the in-lake 
sediment P release under aerobic conditions; due to algal uptake, SRP concentrations of the 
overlying waters of Beaver Lake in the summer are always less than the EPCo, which ensures 
that equilibrium is rarely if ever reached (McCarty 2019).  Similarly, the linear portion of the 
anaerobic incubation release curve was used to represent the anaerobic P release rate.  The 
linear portion of the anaerobic release curve was selected because the first several days of the 
anaerobic incubations were not truly anaerobic due to steadily declining concentrations of 
N+N, an O2 acceptor that will maintain redox conditions above the threshold for P release to 
occur.   
After incubation, sediment composition was analyzed using the Mehlich-III extraction 
methodology (Zhang et al. 2014) for a range of soil constituents at the University of Arkansas 
Soil Test Laboratory.  Total digest was completed according to EPA Method 3050B (EPA 1996) 
and analyzed on a Spectro Arcos ICP.  Additional lab methods can be found through the Soil 
Testing Laboratory homepage (UAEX 2018). 
3.2.3 Data Analysis 
3.2.3.1 2D Surface Contours 
Water column profile data was used to develop 2D surface contour models of 
temperature and DO with depth over time in Sigmaplot Version 14.0.  Hypoxic conditions in the 
water overlying sediments results in significantly higher P release rates when compared to oxic 
conditions (Orihel et al. 2017).  A hypoxic boundary line was established within the DO surface 
contour model in the same fashion as Schwefel et al. (2017), however, they selected 4 mg L-1 
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DO to represent the hypoxic boundary line.  A range of <2-3 mg L-1 DO is typically used and this 
study utilized <= 3 mg L-1 DO as the threshold concentration indicating hypoxic conditions based 
on the guidance of the Ecological Society of America (ESA 2012).  Due to waters tendency to 
gravity flow to a common density and establish a vertical density gradient, it was assumed that 
the profile conditions at site PF were horizontally uniform throughout the cove.  For example, if 
the profile indicated that 3 mg L-1 DO conditions were observed at a specific water elevation, 
then we assumed it would be uniform at that water elevation throughout the cove. 
3.2.3.2 Hypoxic and Aerobic Surface Area and Volume 
As hypoxic conditions of the bottom waters in Granny Hollow changed over time, the 
area covered by those water conditions was quantified.  The elevation of the hypoxic boundary 
line over time was used to quantify the area of bed-sediments covered by either aerobic or 
hypoxic waters.  Additionally, it was also used to determine the volume of water within Granny 
Hollow containing aerobic or hypoxic conditions.  This area and volume were determined using 
GIS tools to process bathymetric data and the depth and time data extracted from the hypoxic 
boundary.     
3.2.3.3 Hypoxic and Aerobic P-flux 
Once the respective bed-sediment area under hypoxic and aerobic conditions was 
determined at each time step, the total P-flux could be calculated.  The average P release rate 
(mg m-2 d-1) as determined by aerobic and anaerobic core incubation was multiplied by their 
respective areas and the time step to calculate total P-flux (mg) for the study duration.  Aerobic 
and anaerobic bed-sediment P release rates were assumed to be consistent throughout the 
cove for their respective conditions.   
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Finally, using the P-flux contributions to the cove, we determined the theoretical change 
in water concentration for the cove during the study period.  The total P flux for both aerobic 
and hypoxic conditions was summed and divided by the total volume of the cove.  It was 
assumed that even though hypoxic conditions were a result of stratification, the P-flux would 
be evenly mixed throughout the cove.  This assumption was validated during the study through 
the observation of several mixing events.  The opportunity for transport of cove water across 
the study boundary was ignored in this study.  
3.3 Results 
3.3.1 Weather 
Air temperatures at the profile platform ranged from a max of 39 °C to a minimum of 
19.5 °C with a mean of 27.5 °C.  The average high during daylight hours was 35.5 °C while the 
average low overnight was 22.3 °C during the study period (Figure 3.2).  Wind direction and 
velocity were variable with sustained wind speeds ranging from 0 to 3 m s-1 and averaging 0.2 m 
s-1.  Wind direction was predominantly out of the 0-200˚ direction and averaged out of the SE.  




Figure 3.2.  Air temperature, wind speed and direction, and solar radiation conditions during 
the study period.   
3.3.2 Profile Data 
Hourly water column profiles by the Hydrolab sonde at the profiler platform (site PF) 
showed daily fluctuations in temperature and DO (Figures 3.3-3.4).  Cooling conditions during 
the night dominated the water column during the first half of the study period while surface 
heating was more prominent during the latter half of the study (Figure 3.3).  This was despite 
daily air temperatures being relatively constant (Figure 3.2).  Water column DO conditions were 
variable.  Low DO concentrations were associated with cooler waters and moved vertically 
when vertical temperature conditions declined (Figure 3.4).   
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Figure 3.3.  2D surface contour plot depicting water column temperature (°C) over time as 




Figure 3.4.  2D surface contour plot depicting water column dissolved oxygen (mg L-1) over time 
as measured by the hydrolab sonde at the profile platform (site PF) during the period from July 
3rd through 16th. 
The bottom of Granny Hollow also exhibited variable temperature and DO 
concentrations.  We compared the variability of temperature and DO concentrations of the 
bottom of the lake in the deeper pelagic zone with Granny Hollow for the month of July 2018.  
The bottom temperatures in Granny Hollow had a range that was 13 times greater than the 
bottom of the pelagic zone and a standard deviation that was over eight times greater (Table 
3.2).  Similarly, the range in DO concentrations at the bottom of Granny Hollow were almost 14 
times higher than the pelagic with a standard deviation that was nine times higher. 
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Table 3.2.  Bottom temperature and dissolved oxygen concentration variability for Granny 
Hollow Cove and the pelagic zone located at latitude 36.2591 N, longitude -94.0688 during the 
month of July 2018. 
 
3.3.3 Sediment Characteristics and Core Incubation 
Sediment samples for each incubation core were analyzed for the constituents shown in 
Table 3.3.  Concentrations of sediment constituents were variable among the three sites.  While 
they were generally lowest at site UP, that site also had the highest standard deviation for all 
constituents (Table 3.3).  Phosphorus ranged from 0.42-0.50 g kg-1 sediment.  Iron increased 
from a low of 10.38 g kg-1 at site UP to 13.49 g kg-1 at site PF.   
Table 3.3. Mean sediment characteristics in mg kg-1 of the three sampling sites.  Standard 
deviation in parenthesis. 
 
Loss on ignition (LOI), an approximation for organic content of the sediment, ranged from 7.3% 
at site UP to 9.8% at site MD.  Sand content followed an inverse trend from the LOI with the 
highest percentage at UP with 66% and the lowest at MD with 47% sand.   
Table 3.4. Loss on ignition, sand, silt, and clay analysis for sediments from the three sampling 
sites. 
 
pH of the water overlying the sediments ranged from 8.15-8.53 for the entire aerobic 
and anaerobic incubation period.  During the aerobic incubation phase, initial SRP 
concentrations measured in the overlying water of the intact sediment cores ranged from 
Depth (m) n Range St Dev Range St Dev
Pelagic 20 7 0.8 0.31 1.4 0.48
Granny Hollow 5 7 5.69 2.21 8.23 3.55
T (°C) DO (mg L-1)
Site n
UP 3 0.42 (0.12) 0.76 (0.17) 9.18 (1.84) 5.30 (1.12) 0.55 (0.13) 10.38 (0.81) 0.25 (0.07)
MD 3 0.50 (0.01) 0.99 (0.02) 11.26 (0.22) 7.34 (0.08) 0.74 (0.01) 11.70 (0.11) 0.36 (0.01)
PF 3 0.45 (0.02) 0.99 (0.08) 10.76 (0.79) 5.41 (0.28) 0.70 (0.06) 13.49 (0.69) 0.53 (0.06)
Magnesium Iron Manganese
Sediment Content (g kg-1 sediment)
Phosphorus Potassium Aluminum Calcium
Sites LOI (%) Sand (%) Silt (%) Clay (%)
UP 7.3 66 30 4
MD 9.8 25 71 4
PF 9.4 47 50 3
48 
0.002-0.005 mg L-1 SRP and DO was >7 mg L-1 DO (Figure 3.5).  Soluble reactive P concentrations 
of the filtered replacement water were all <0.004 mg L-1 SRP.  The first 5 days of the incubation 
exhibited a linear increase in SRP concentration of the overlying water while the remainder of 
the incubation was curvilinear (Figure 3.5).  Data for the three site replicates were averaged.  
The greatest mean concentration was 0.031 mg L-1 SRP at site UP, 0.028 mg L-1 SRP at site MD, 




Figure 3.5.  Mean soluble reactive phosphorus, nitrate + nitrite, and ammonia concentrations of the overlying water of the intact 
sediment cores during the aerobic and anaerobic incubation phases at three sites in Granny Hollow on Beaver Lake.  The vertical 
dashed line represents the change point between air bubbling (aerobic phase, days 1-13) and nitrogen bubbling (anaerobic phase, 





Initial N+N concentrations measured in the overlying water of the intact sediment cores 
during aerobic incubation ranged from 0.075 – 0.085 mg L-1 N+N while NH3 ranged from 0.12 – 
0.60 mg L-1 NH3.  Concentrations of the filtered replacement water averaged 0.04 mg L-1 for 
N+N and 0.03 mg L-1 for NH3.  Results from the N+N and NH3 constituents during aerobic 
incubation followed a consistent pattern across the three sites (Figure 3.5).  Ammonia began to 
increase immediately in the sediment core incubations starting from around 0.12 – 0.60 mg L-1 
NH3 and rising to a peak range of 0.43 – 1.21 mg L-1 NH3 on the 3rd to 4th day of incubations.  
After the initial peak of NH3 on the 4th day, NH3 steadily declined to near zero for the remainder 
of the aerobic incubation.  Nitrate + nitrite initially lagged for the first three days, after which it 
increased steadily for the remainder of the aerobic incubation to a peak ranging from 1.05 – 
1.71 mg L-1 N+N depending on the site.   
After the aerobic incubation phase, each of the sediment cores was then converted to 
anaerobic incubation by continuous bubbling of nitrogen gas (Haggard et al. 2005; Sen et al. 
2007).  Similar to the aerobic phase, SRP concentrations of the filtered replacement water were 
all <0.004 mg L-1 SRP.  Cores of sediments taken from site UP and MD increased in 
concentration during the transition to anaerobic conditions whereas PF decreased.  
Concentrations of SRP were relatively stagnant for the first 6-7 days of anaerobic incubation.  
After the first week of the anaerobic incubation phase, the average core SRP concentration for 
each site showed an increasing trend (Figure 3.5).  After 14 days of anaerobic incubation, the 
average SRP concentrations topped out at site UP with 0.148 mg L-1 SRP, 0.084 mg L-1 SRP at 
site MD, and 0.081 mg L-1 SRP at site PF.   
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Filtered replacement water for the anaerobic incubation phase had similar 
concentrations of N+N and NH3 as the aerobic incubations.  After conversion to nitrogen 
bubbling to bring about anaerobic conditions, NH3 increased steadily from near zero at each 
site to a high ranging from 0.78 – 1.81 mg L-1 NH3 toward the end of the 14-day incubation.  
Conversely, N+N steadily declined during the anaerobic phase from its peak values during 
aerobic incubation to lows of <0.25 mg L-1 N+N.  While the incubation period with nitrogen 
bubbling was referred to as the anaerobic incubation phase, it is evident from the N+N analysis 
that anaerobic conditions were not present until 5-9 days into the “anaerobic phase”.  As such, 
the measurement of N+N is encouraged for all future anaerobic sediment core incubations as 
measurement of dissolved oxygen concentration alone is not enough evidence of the absence 
of common electron acceptors.    
For the aerobic incubations, the linear portion of the concentration-time relationship 
(Days 0-4, Figure 3.5) was used to determine the potential SRP release rate.  The slope 
describing change in adjusted SRP mass with time was significantly different than zero at all 
three sites with r2>0.96 (Table 3.5).  Soluble reactive P release under aerobic conditions was 
2.02, 1.89, and 1.36 mg m-2 d-1 at sites UP, MD, and PF, respectively (Table 3.5). 
For the anaerobic incubations, the linear portion of the anaerobic release curve was also 
used (Days 22-28, Figure 3.5) to determine the potential SRP release rate.  Days 22-28 of the 
core incubations was also the time most likely to represent true anaerobic conditions based on 
declining concentrations of N+N during days 14-22 (Figure 3.5).  The slope describing change in 
adjusted SRP mass with time was significantly different than zero at all three sites with r2>0.90 
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(Table 3.5).  Soluble reactive P release under anaerobic conditions was 4.45, 2.97, and 2.21 mg 
m-2 d-1 at sites UP, MD, and PF, respectively (Table 3.5). 
Table 3.5. Linear relationship between time and adjusted soluble reactive phosphorus mass 
released by the sediment into the overlying water of the intact sediment cores at three sites in 
Granny Hollow of Beaver Lake. 
 
3.3.4 Data Analysis 
A time series of the hypoxic boundary line was created using the contour map in Figure 
3.4 (Figure 3.6).  This time series represents the water level at which hypoxic conditions were 
present at the profile platform in Granny Hollow.  The maximum depth of hypoxic conditions in 
the cove occurred over the transition from day 185-186 and was over 2.5 m in depth.  Other 
hypoxic events ranged from 0.75-1.25 m in depth.  None of the hypoxic events lasted more 
than 24 hours before bottom conditions returned aerobic.   
Site
Slope       
(µg l-1 day-1)
Aerobic  




(mg m-2 d-1) r2 (P-value) n
UP 6.4 2.02 0.96 <0.001 5
MD 6.0 1.89 0.98 <0.001 5
PF 4.3 1.36 0.97 <0.001 5
UP 14.1 4.45 0.91 <0.001 7
MD 9.4 2.97 0.94 <0.001 7
PF 7 2.21 0.92 <0.001 7
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Figure 3.6. Profile of the hypoxic boundary line (<3 mg L-1 dissolved oxygen) in Granny Hollow 
during a two-week study period from July 3rd to July 16th, 2018.  The horizontal dashed line 
indicates the elevation of the cove bottom at the profile monitoring platform. 
The hypoxic boundary line (Figure 3.6) and cove bathymetry (Figure 3.1) were used to 
calculate the areal coverage of bed-sediments by either oxidizing (aerobic) or reducing 
(hypoxic) conditions (Figure 3.7).  Total bed-sediment surface area of the cove was 43,319 m2.  
The line representing changes in hypoxic area was similar to the hypoxic boundary line in Figure 
3.6.  Peak areal coverage of hypoxic conditions at the end of day 185 was 15,073 m2, or roughly 
35% of the total bottom are of the cove.  Calculated volumes of aerobic and hypoxic waters are 
displayed in Figure 3.8.  Total volume of the cove was 138,250 m3 and peak hypoxic volume 
occurred at the end of day 185 at 14,390 m3.  This was approximately 10% of the total cove 
volume.   
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Figure 3.7.  Aerobic and hypoxic bottom surface area coverage in Granny Hollow during a two-
week study period from July 3rd to July 16th, 2018.   
 
 
Figure 3.8.  Aerobic and hypoxic water volumes in Granny Hollow during a two-week study 
period from July 3rd to July 16th, 2018.   
Aerobic and anaerobic release rates from the core incubations were averaged from the 
three sites when calculating P-flux for the cove.  It was assumed that bottom coverage of bed-
sediments and release rates were uniform under aerobic and anaerobic conditions for the 
purposes of this exercise.  Aerobic and anaerobic P release rates were multiplied by their 
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appropriate areas to determine the aerobic and anaerobic P-flux over time (Figure 3.9).  
Average aerobic P release determined during sediment core incubations was 1.76 mg m-2 d-1 
while anaerobic was 3.21 mg m-2 d-1.  The bed-sediment surface area in the cove under aerobic 
conditions was much higher than that under hypoxic conditions resulting in the majority of P-
flux even though anaerobic release rates were higher.  The peak P-flux of 9.81 g at the end of 
day 185 corresponded with the influx of hypoxic waters at that same time.  During the period of 
3-16 July, release of P under anaerobic conditions was calculated to be 41.9 g, and 946 g under 
aerobic conditions for a total release of just under 1 kg of SRP into the cove.  Assuming well-
mixed conditions, this would be enough to raise SRP concentrations in the full volume of the 
cove by 0.007 mg L-1 SRP.  
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Figure 3.9.  Total aerobic and anaerobic P-flux in Granny Hollow during the two-week study 
period from July 3rd to July 16th, 2018. 
3.4 Discussion 
3.4.1 Cove Stratification and Bottom DO Conditions 
Water column profiles taken at site PF during the period of 3-16 July indicate that 
temperature and DO concentrations in the water column at the platform were highly dynamic, 
which confirmed one of the study hypotheses.  DO concentrations at the profile platform 
ranged from 0-16 mg L-1, the maximum being much higher than the saturation point of oxygen 
at lake temperatures.  Elevated algal productivity has been shown to generate supersaturated 
dissolved oxygen concentrations in water bodies (Wetzel 2001).   
Cooler temperatures observed along the bottom of the cove corresponded to lower DO 
concentrations, which is contrary to normal conditions concerning water temperature and DO 
concentrations.  Bottom temperature and DO concentrations in the cove were more variable 
than bottom conditions observed in the deeper pelagic zone (Table 3.2).  A reasonable 
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explanation for the variability in bottom temperature and DO concentrations is that cooler 
waters with DO concentrations less than 3 mg L-1 from the main channel of the lake (War Eagle 
Creek, Figure 3.1) moved in and out of the cove on a daily time step.  These changes in 
conditions of the waters overlying bed-sediments have the potential to impact P release rates 
due to changes in redox conditions at the sediment-water interface. 
Thermoconvective flow may offer an explanation as to why hypolimnetic waters were 
observed to flow into the bottom of the cove.  Several studies have offered evidence that 
thermoconvective flow can establish an exchange of flow between littoral and pelagic waters 
(Horsch & Stefan 1988; MacIntyre & Melack 1996; Palmarsson & Schladow 2008).  Stefan et al. 
(1989) describes thermoconvective flow as a result of uneven buoyancy within a water body 
driven by heat exchange across the surface of the water.  During periods of surface warming, 
flows move upslope from deeper waters into the shallow littoral area and then spread across 
the surface.  During periods of cooling, the flow is reversed, and surface water is transported to 
the littoral areas where it slips down slope into deeper water.  Sinking flows will level out when 
they reach a layer of equal density (Stefan et al. 1989).  As the water exchange between littoral 
and pelagic zones occur, they also transport constituents contained within the water. 
Wind is another potential factor that may help to explain the variability and magnitude 
of temperature and DO changes in bottom waters.  During the period of day 185-186 when 
cooler waters dominated the vertical profile (Figure 3.3), there was an increase in the intensity 
of wind with an average speed of around 2 m s-1 (Figure 3.2).  Wind direction during this time 
ranged from 45-90° which is roughly perpendicular to the fetch of the cove.  Winds parallel with 
the fetch are thought to be the most influential on mixing, however, the direction and velocity 
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may have been enough to mix the cove perpendicular to the fetch, effectively turning it over.  
Due to the presence of cooler waters during this time, a more likely explanation is that the wind 
was able to push warm surface waters out of the cove causing a bottom current of cooler water 
into the cove.  Other minor factors influencing bottom temperature and DO may also include 
boat traffic and upwellings.  One final thing to note concerning cove temperature dynamics is 
that we cannot consider the cove in isolation due to its connectedness to the reservoir.  Factors 
mentioned previously (thermoconvective flow, wind, etc.) are occurring on a whole-lake scale 
and will have consequences on bottom currents, temperature, and DO dynamics for side 
channel coves such as this one.   
These various water exchange mechanisms that are responsible for the stratification 
and DO conditions observed within the cove are also responsible for the transport of P between 
the cove and the main channel of the reservoir (War Eagle creek, Figure 3.1).   We know from 
our incubations that there is a high potential for the cove sediments to release P under both 
aerobic and anaerobic conditions.  However, water quality samples taken over the course of 
the summer for the study cove indicated that SRP concentrations were always near zero (data 
not shown).  In a process described by McCarty (2019), SRP released from sediments is first 
converted to organic P within algae.  McCarty found that algae not only consume P almost 
immediately after release from sediments, but they are one of the primary drivers of sediment 
P release by maintaining SRP concentrations in the overlying water well below the equilibrium 
phosphorus concentration of the sediment.  Therefore, algae and other microorganisms are 
primarily responsible for the export of SRP into the main channel of the reservoir via the 
transport mechanisms described previously. 
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3.4.2 Bed-Sediment Phosphorus Content and Release Rates 
It was hypothesized that concentrations of P within bed-sediments would be positively 
correlated with P-release, however, this was not observed in our limited dataset (raerobic=-0.04, 
ranaerobic=-0.53, p-value>0.05).  While bed-sediment P content was variable (Table 3.3), P release 
from sediment core incubations was observed to decline along a gradient of increasing depth 
from site UP to PF.  Organic content of the sediments has been explored as a potential 
predictor of sediment P content and release rates.  The added respiration at the sediment-
water interface due to deposition of organic material could reduce redox conditions in the 
sediment such that release occurs, an observation recorded by Holdren and Armstrong (1980) 
and summarized by Orihel et al. (2017).  Andersen and Ring (1999) observed lower release rates 
in pelagic vs littoral areas but also found that organic P within the bed-sediment declined as 
well.  However, organic content of the sediment in Granny Hollow was variable from 7.3-9.8% 
and did not trend with the release rates per each site.    
Phosphorus content of the bed-sediment in the upper part of the cove was similar to 
that observed in other studies where mesotrophic to eutrophic conditions were observed 
(Pulatsu et al. 2009, Pulatsu et al. 2008, Topcu & Pulatsu 2008).  Chlorophyll-a concentrations 
during the growing season also indicated eutrophic conditions (McCarty 2018; Forsberg & 
Ryding 1980).  The cause of the high levels of bed-sediment P in Granny Hollow was most likely 
related to the density of poultry houses in its catchment (2.1 poultry houses km-2).  McCarty et 
al. (2018) found that watersheds with > 0.9 poultry houses km-2 were more likely to have 
elevated concentrations of nutrients in their receiving streams.  Poultry operations routinely 
land apply poultry litter within a short distance to minimize removal costs and improve pasture 
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operations.  This litter, rich in nitrogen and P, builds up over time and is transported to water 
bodies through runoff events (Sharpley 1997). 
3.4.3 Beaver Lake P Release 
It is established that pH and redox conditions are a primary factor controlling P release with 
higher release potentials under anaerobic conditions and high pH (Einsele 1936, Mortimer 1941 
& 1942, Orihel et al. 2017).  Increases in pH at the sediment-water interface decreases the 
binding capacity of iron and aluminum oxides resulting in increased phosphate flux.  The pH of 
our samples ranged from 8.15-8.53, within the common range for natural waters (5-9) and were 
likely not high enough to significantly impact the uptake or release rates of P from the 
sediments (Orihel et al. 2017; Hupfer & Lewandowski 2008).  In Granny Hollow, aerobic release 
rates were higher than both the aerobic and anaerobic release rates observed by Sen et al. 
(2007) and Hamdan et al. (2010).  The relatively high potential aerobic release rate (Table 3.5) 
and the prevailing aerobic water conditions covering the majority of bed-sediments in Granny 
Hollow (Figure 3.7) were responsible for the majority of the total P flux during the study period 
being from aerobic conditions (Figure 3.9).  Aerobic release rates become more important as 
the ratio of bed-sediments above the thermocline versus below increases.  Internal P stored in 
those bed-sediments is more available to algae during the growing season because they are 
within the stratified layer that mixes and is available to the photic zone (Marsden 1989).  The 
rate of aerobic release observed, and the area covered over time by aerobic conditions indicate 
that for this cove, and potentially other shallow eutrophic water bodies, aerobic release rates 
are a more important contributor to eutrophic conditions than anaerobic P release.   
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Phosphorus release rates observed in Granny Hollow even under the most conservative 
estimate were greater than 1.3 mg m-2 d-1.  Extrapolated out to a full year would yield release 
rates of 475 mg m-2 yr-1.  The only study currently available to compare this to would be the 
annual rates calculated by Sen et al. (2007) who estimated the whole lake average P release 
rate at 0.2 mg m-2 d-1 or 73 mg m-2 yr-1.  The limitations of this comparison are obvious, we 
sampled a cove once during the summer when release rates are typically at their highest for the 
year, whereas Sen et al. sampled once per season for a full year throughout each major zone of 
the reservoir.  If our observations in Granny Hollow are true for most of the year, the cove 
would have a release rate per unit area that is 6.5 times greater than the average for the 
reservoir as calculated by Sen et al. (2007).  This comparison indicates that at a minimum, 
Granny Hollow releases a disproportionate amount of P per unit area when compared to other 
parts of the reservoir.  With further investigation, we may identify other areas within Beaver 
Lake like Granny Hollow that indicate previous estimates of P release based on sediment core 
samples from the thalweg of the reservoir underestimate the actual internal P load.  If this is 
the case, focusing on these hot spots of disproportionate P release in the lake with best 
management practices may be an efficient approach to combat reservoir eutrophication.  
Further research is needed to examine sediment release rates for other coves, littoral areas, 
and sedimentation zones within the Beaver Lake.   
3.4.4 Nitrogen Dynamics within Core Incubations 
In addition to relating the P release rates observed in the cores to conditions in Granny 
Hollow, it is also important to describe the interactions observed between nutrient constituents 
in the core incubations.  Sediment core incubations showed distinct interactions between 
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nitrogen and P constituents (Figure 3.5).  While the analysis was conducted on constituent 
concentrations of the overlying water, the majority of chemical and biological processes leading 
to changes in nitrogen constituents likely took place in the sediments where a variety of redox 
conditions are present to support both nitrifiers and denitrifiers depending on depth within the 
sediment and the overlying redox condition of the water.   
A relatively neutral pH was maintained in the core water throughout the entire length of 
the incubations, indicating a lack of pH influence on speciation N constituents.  The more likely 
processes governing the release of N constituents from sediments under aerobic and anaerobic 
conditions are described by Austin and Lee (1973) and are mirrored here in this study.  During 
aerobic sediment core incubation, a buildup of NH3 was observed in the initial 3-5 days that can 
be attributed to production via biochemical and physio-chemical processes.  After the initial 
growth period NH3 tends to decline for the remainder of the aerobic incubation.  This could 
possibly be explained by ammonia volatilization, however, the N+N response during aerobic 
incubation indicates a biological connection.  The biological explanation is that once a certain 
threshold of NH3 was present, the nitrifying bacteria utilized oxygen to convert the NH3 to N+N.  
As a result, NH3 declined to near zero for the remainder of the aerobic incubation phase.  As 
NH3 approached zero, N+N production by the nitrifiers leveled off.  During the anaerobic 
incubation phase (nitrogen bubbling), nitrifiers no longer had the O2 required for nitrification, 
leading to denitrification, a process that takes place under anoxic conditions.  Denitrification 
converted the built-up N+N to N2(g) which was finally released from the system.  The start of 
the anaerobic incubation phase and denitrification also coincided with a pause in P release 
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(days 14-22, Figure 3.5).  The high initial N+N at the start of the anaerobic incubation phase is 
the principle reason for this P release delay.   
There are several explanations for P release inhibition by N+N during the anaerobic 
incubation phase.  First, N+N can maintain redox conditions above the threshold which P 
release generally occurs (Andersen 1982).  In a process called nitrate dependent iron oxidation 
(NDFO, Carlson et al. 2013), denitrification releases oxygen which can be used to oxidize iron, 
maintaining the redox conditions that keep the P bound to iron oxyhydroxide.  Once the 
oxidized nitrogen (N+N) has been converted to N2(g), there is no longer enough oxygen present 
to buffer the redox potential at a level high enough to prevent P release from the bed-
sediments.  The nitrate-reducing bacteria then utilize iron as an electron acceptor, causing the P 
to be released (Jansson 1986).  The relation between oxygen and N+N presence and their ability 
to inhibit P release was also observed in a model developed by Dale et al. (2016) for marine 
sediments.  Dale et al. (2016) describes how the thickness of penetration by oxygen into the 
sediments results in a nitrogenous sediment zone that is enhanced by bioirrigation.  This 
nitrogenous zone then helps to trap P within the sediment.   
Second, phosphate accumulating organisms (PAOs) store up P during aerobic conditions 
and release it during anaerobic conditions but are inhibited by N+N and O2.   This is the 
anaerobic P release phase in biological P removal systems for wastewater treatment plants 
(Levin & Shapiro 1965).  When N+N began to approach its lower end (bottom asymptote, Figure 
3.7), PAO P release was no longer inhibited because the free and combined oxygen had been 
removed from the system.   
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Ammonia increased under anaerobic conditions because of mineralization.  A lack of O2 
prevents NH3 from being converted to N+N by nitrification.  Sinke et al. (1990) observed that P 
release was correlated with NH3 release under anaerobic conditions, which corroborates the 
findings of this research if the delay required to reduce N+N to levels sufficient for P release is 
considered. 
3.4.5 Cove Nitrate + Nitrite Concentrations 
The bottom of the cove routinely had influxes of hypoxic waters from the main channel 
of the reservoir (War Eagle creek, Fig 2.1) that lasted <24 hours as the hypolimnion moved up 
into the cove and back out.  This resulted in the bed-sediments potentially going back and forth 
between oxidizing and reducing conditions.  The pause in P release observed in the core 
incubation transition from aerobic to anaerobic conditions can be explained by the high 
concentrations of N+N at the start of the anaerobic incubation phase.  With this pause in mind, 
it is likely that the bed-sediments in the cove also experienced a pause in P release during 
influxes of hypoxic waters depending on the concentration of N+N in the overlying water. 
In further exploration of this concept, data from an additional study was used that 
showed N+N concentrations in the bottom waters of the cove decreased from a high in May of 
around 1.5 mg L-1 N+N, to a low in July of <0.2 mg L-1 N+N (McCarty 2019, Figure 3.10).  In 
theory, influxes of hypolimnetic water with low DO would also be accompanied by low N+N 
concentrations as these waters should already have reduced N+N to N2(g) in the denitrification 
process.  In our case though, seasonal decline of N+N seems a much better explanation for 
changes in N+N rather than hypolimnetic influxes altering the N+N concentrations of bottom 
waters (Figure 3.10).  Andersen (1982) observed that nitrate concentrations greater than 0.5 
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mg L-1 NO3-N were effective at preventing P release.  This may indicate that short influxes of 
hypoxic hypolimnetic waters early in the season may not trigger anaerobic release rates due to 
the presence of high amounts of N+N, while the same influx later in the summer when N+N is 
low may more rapidly induce anaerobic release rates.  The low N+N concentrations observed in 
the water column during our study period justify the use of both the aerobic and anaerobic P 
release rates to calculate P-flux for the entire cove.   
 
Figure 3.10.  N+N concentrations of bottom waters at each site over as sampled from May-July 
2018.  Figure adapted from data in McCarty (2019). 
3.5 Conclusions 
This research examined water quality, bed-sediments, and stratification conditions for a 
shallow eutrophic cove in the War Eagle arm of Beaver Lake in Northwest Arkansas.  There 
were several important conclusions from the study.  First, this study showed that bottom 
conditions of reservoir coves experience dynamic temperature and DO concentrations when 
compared to the deeper pelagic zone of the reservoir.  Changes in bottom temperature and DO 
are a result of influxes of cooler hypolimnetic waters brought on by thermoconvective flow and 
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other mixing mechanisms.  This flow can influence the redox conditions at the sediment-water 
interface and is responsible for exchange of water and nutrients between littoral and pelagic 
zones.  Second, even under aerobic conditions, eutrophic coves are likely to experience higher 
than typical P release caused by the settling of organic material, sediment, and nutrients from 
the watershed predominantly in shallow littoral areas.  Based on this conclusion, shallow 
eutrophic areas should not be discounted when considering internal loading of water bodies 
that stratify.  Third, bottom concentrations of N+N may inhibit P release even under low DO 
concentrations.  In Beaver Lake, seasonal trends in N+N concentrations should be considered 
when applying release rates observed in core incubations.  Fourth, on an area weighted bases, 
shallow eutrophic areas are a disproportionate contributor to the overall P mass balance of a 
reservoir.  This may yield areas for greater efficiency in internal load reductions techniques such 
as application of alum to permanently bind the sediment P.  Finally, total flux of P to the cove 
during the two-week study period was calculated to be 1 kg, enough to raise SRP 
concentrations in the cove by 0.007 mg L-1 SRP.  While this may not seem like much, if release 
rates are steady and extrapolated over the course of the summer (June-September), this could 
yield as much as 8 kg of SRP to support eutrophic conditions in the cove.  Future research will 
utilize models to estimate P-flux for this cove and others for a full year as well as quantify the 
transport of nutrients and water via thermoconvective flow between Granny Hollow and the 
main channel of the reservoir. 
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4 Algal Demand Drives Sediment Phosphorus Release in a Shallow Eutrophic Cove 
James A. McCarty 
Abstract 
Algae plays an important role in the internal nutrient cycling of shallow lakes and coves.  
Algae of shallow water bodies have been shown to thrive and even lead to eutrophic conditions 
despite a lack of measurable quantities of biologically available phosphorus in the water during 
summer months.  In order to study how sediment phosphorus release and algal growth are 
connected, water and sediment samples were collected in a shallow eutrophic cove on Beaver 
Lake in Northwest Arkansas.  Cove water quality profiles depicting temperature, dissolved 
oxygen, nutrients, metals, and photic zone chlorophyll-a were collected weekly for eight weeks 
at three points in the cove, one shallow, one at the cove mid-point, and one at the deepest part 
of the cove.  Cove sediment samples were collected at similar points to the water quality for 
equilibrium phosphorus concentration (EPCo) analysis, sediment core incubation, and sediment 
composition.  EPCo for the sediments ranged from 0.024 – 0.027 mg L-1.  Sediment cores 
exposed to aerobic conditions typical of shallow areas had release rates ranging from 1.37 to 
2.02 mg m-2 d-1.  Weekly water quality sampling revealed concentrations of soluble reactive 
phosphorus (SRP) in the water column and photic zone averaged 0.002±0.004 mg L-1 for all 
sites.  The chlorophyll-a concentration in the cove increased from 10 to 40 µg l-1 during the 
study period.  When SRP<<EPCo, conditions favor the release of SRP from sediments to 
overlying water.  This was confirmed with the aerobic sediment core incubation where algal 
demand was controlled via dark conditions and release rates were >1.37 mg L-1 day-1.  Core 
aerobic release rates and EPCo conditions both confirmed the release of P under aerobic 
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conditions; however, it appears that algal demand sustained low SRP conditions.  This created a 
nutrient cycle where algae impose a nutrient gradient favoring the release of phosphorus by 
keeping SRP conditions below the EPCo.  This study indicates that algal growth potential in 
shallow water bodies is not limited by concentrations of SRP measured within the water 
column.  Studies of shallow water bodies with low SRP concentrations and high productivity 
should look to the sediments as a source of phosphorus to fuel algal growth.  Finally, these 
findings suggest that coves play an integral part in algal production and should not be 
overlooked when determining the overall phosphorus budget for a lake or reservoir.   
4.1 Introduction 
The cycling of nutrients within lakes is a major factor contributing to eutrophication, 
leading to harmful algal blooms and water treatment issues.  Lake sediments act as a bank 
where nutrients are stored over time, releasing them back to the water under the right 
conditions in a process called sediment phosphorus (P) release, which may be a large portion of 
internal P load.  This can continue long after external load reductions.  When restoring 
eutrophic lakes, the internal load is a factor that must be dealt with in order to be successful 
(Sondergaard et al. 2003).  
In the classic model described by Mortimer (1941 & 1942), internal loading is driven by 
the redox condition at the sediment-water interface.  When ferrous iron (Fe2+) and phosphate 
are present in the water, ferric iron (Fe3+) oxyhydroxide is coprecipitated with phosphate under 
oxic conditions.  Under anoxic conditions, Fe3+ oxyhydroxide is reduced to Fe2+ and the 
previously bound phosphate dissolves back into the water.  Anoxic and oxic conditions 
generally occur in lakes that stratify.  During stratification, surface and bottom waters are 
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separated from each other by a density gradient.  The surface layer, known as the epilimnion, is 
generally well mixed and oxygenated from interactions with the atmosphere.  Bottom waters, 
called the hypolimnion, are separated from the atmosphere and mixing conditions; given 
enough time and respiration, the dissolved oxygen (DO) will be consumed resulting in anoxic 
conditions. 
The problem with this theory is that it does not account for the high lake productivity 
that occurs in summer in southern warm monomictic lakes and reservoirs.  During peak 
productivity, inflows are typically at an annual low, and P released from bed-sediments is 
trapped in the hypolimnion.  Phosphorus released from the hypolimnion is separated by a 
density gradient from the epilimnion which limits its potential for interaction and uptake by 
algae (Ostrovsky et al. 1996).  This concept of peak productivity during periods of stratification 
and low inflow is demonstrated by the long-term dataset for Beaver Lake, where algal counts 
reach an annual high during mid-late summer, but inflows are typically at their lowest (McCarty 




Figure 4.1. Time series data of algae counts and inflow from the White River (USGS Gage 
07048600) from 2010-2018.  Algal counts were analyzed by Beaver Water District at their water 
intake structure on Beave Lake. 
There have been several studies attempting to address this problem.  Ostrovsky et al. 
(1996) researched internal seiches as a mechanism to cause upwellings of P rich hypolimnetic 
waters into the epilimnion.  Similarly, James (2017) and Kamarainen et al. (2009) both 
attributed some of the P availability during stratification to wind events that cause mixing and 
upwellings.  However, these are brief and spatially isolated events.  Kamarainen et al. (2009) 
also suggested that luxury uptake during times of high P availability as well as biotic 
mineralization within the epilimnion could account for the source of bioavailable P during 
stratification.  However, they acknowledge that these could not solely account for P required 
during peak productivity.  
Another possible source of the P made available during low inflow periods is the littoral 
zone.  Wetzel (2001) describes P from the watershed as settling largely in shallow, near shore 
areas.  This can then lead to higher aerobic release rates in littoral vs profundal zones 
(Andersen & Ring 1999).  The difference in littoral vs profundal water volumes means that 
littoral areas have a much smaller volume of water to buffer the P released from sediments, 
which in turn can create a zone of higher soluble P concentration within the water.  In addition, 
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littoral areas typically receive light penetration to the bed-sediments, allowing benthic and 
suspended algae full access to P released from sediments (Marsden 1989).  All of these factors 
contribute to the observation that littoral areas tend to be the most productive zone of a lake 
(Gessner et al. 1996, Cyr et al. 2009).   
There have been many studies examining why P release from sediments in an aerobic 
littoral zone may counter the classic model described by Mortimer (1941 & 1942).  Diel changes 
in DO at the sediment-water interface, influenced by photosynthesis and respiration of benthic 
algae has been described by Carlton and Wetzel (1988) and Dodds (2003) as a potential 
explanation.  During the day, photosynthesis by benthic algae maintain oxidized conditions at 
the sediment-water interface.  However, at night when the algae shift to respiration, there can 
be an erosion of the oxidized condition at the sediment-water interface, allowing P that was 
bound to become soluble.  Photosynthesis can also change the pH condition at the sediment-
water interface where oxic waters with high pH were observed to release phosphorus (Bostrom 
1988).  Similarly, bacterial respiration of organic matter can alter the redox conditions at the 
sediment-water interface as well as release P through mineralization (Hupfer & Lewandowski 
2008).  Short term stratification events influenced by thermoconvective flow, wind, and other 
lake currents can also influence bottom redox conditions daily as observed by McCarty (2019).  
Temperature has been shown to impact P-release in shallow areas where water temperatures 
are more prone to large diurnal changes.  Higher temperatures increase the mineralization rate 
of organic matter by bacteria and subsequently increase the oxygen demand within sediments 
which can influence redox conditions at the sediment-water interface (Hupfer & Lewandowski 
2008).   
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Finally, concentration gradients have also been explored as a mechanism for upward 
diffusion flux from the pore water to the overlying water (Bostrom et al. 1988).  The so-called 
equilibrium P concentration (EPCo) is the concentration of P in the overlying water when 
sediment P release and sorption are in equilibrium (Cyr et al. 2009).  If SRP<EPCo, then sediment 
P release occurs, and if SRP>EPCo, then sediment P sorption occurs.  James (2012) studied P 
releases during sediment resuspension, a common occurrence in shallow waters due to inflow, 
wind, and recreation-based disturbances.  When concentrations of SRP in the water exceeded 
the EPCo of the sediment during a resuspension event, sediments acted as a P sink, and when 
concentrations of SRP in the water were lower than the EPCo, the sediments acted as a source 
(James 2012).   
The objective of this study was to determine the conditions in Granny Hollow that 
contribute to the high growing season chl-a observed there each year.  Specific objectives were 
to quantify the aerobic P-flux for a range of sediment samples in Granny Hollow and compare 
the observed P-flux to in-lake water quality and algae conditions.  The study hypothesis was 
that aerobic sediment P release would be positive for all sites, water column SRP 
concentrations would be less than the sediment EPCo, and algal productivity would increase 
throughout the study period.   
4.2 Methods 
4.2.1 Site Description 
A single cove was studied in this research over the course of 21 May – 10 July 2018.  
Granny Hollow is a 4.4-hectare cove located in the War Eagle arm of Beaver Lake in Northwest 
Arkansas at the following coordinates: 36.201° N, -93.971° W (Figure 4.2).  It has an average 
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depth of 3.5 m and maximum depth of 6.9 m when the reservoir is full (Figure 4.2).  Average 
annual reservoir fluctuation is roughly 5 m, reducing the water surface area by over half and 
exposing lakebed sediments in the shallow portions of the cove.  The portion of the cove used 
in this study is roughly 500 m long and oriented NW to SE (Figure 4.2).  Data was collected at 
three sites that were selected to follow the thalweg of the cove and were spaced evenly, an 
upper cove site (UP), a mid-cove site (MD), and a site containing the research platform at the 
mouth of the cove (PF) (Figure 4.2).  The average depth at each site throughout the study 
period was 5.2 m at PF, 3.75 m at MD, and 2.4 m at UP.  The shallowest site, UP, was offset 
from the upper most part of the cove to account for water level changes as the summer 
progressed, ensuring it would not go dry. 
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Figure 4.2.  Granny Hollow with associated bathymetry and sampling sites PF, MD, and UP.  
Stars indicate the location of the cove within the state of Arkansas and within Beaver Lake.  The 
dashed line represents the study boundary.  The cove boundary with the main channel of the 
reservoir (War Eagle Creek arm of the reservoir) is annotated at the top of the detailed cove 
figure.  Previously published in McCarty (2019). 
The watershed draining to the cove has an area of 1,155 hectares with land use high in 
agriculture.  Pasture was 38%, forest 54%, and there was a total of 24 current and legacy 
poultry houses for a density of 2.1 poultry houses km-2.  Cove inflows are dominated by runoff 
events with inflows observed during the month of May and dry conditions observed for the 
remainder of the study.  Granny Hollow was selected for study because of its consistently high 
chl-a measurements during the previous three years with an average surface grab sample chl-a 
concentration of over 15 µg L-1 and a maximum concentration of 36.9 µg L-1 during the growing 
season for the years 2016-2017 (McCarty 2018b). 
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4.2.2 Sampling and Analysis 
Bed-sediments were collected at the three sites depicted in Figure 4.1, UP, MD, and PF.  
Three intact replicate cores were collected at each site using a coring device with plexiglass 
tubes (6.35 cm inside diameter).  The coring device was inserted into the bed-sediments until 
refusal after which the sediment cores were removed from the bottom and sealed at each end 
under water with no. 13 rubber stoppers.  Sediment depth in each core was a minimum of 15 
cm and a maximum of 30 cm to still allow for 1 L of overlying water.  Cores with too much 
sediment were either rejected or sediment was removed from the bottom to accommodate the 
appropriate amount of overlying water.  Only cores that were intact and undisturbed were 
returned to the lab for incubation.  Upon return to the lab, the depth of water overlying each 
core was adjusted to 1 L.  The sediment cores were wrapped in aluminum foil to exclude light 
and incubated at room temperature, approximately 22 °C.  All the cores were incubated with 
air bubbled through the water column for a period of 14 days which will be referred to as the 
aerobic incubation phase.  Dissolved oxygen concentration of the cores was sampled each day 
to confirm the DO concentrations indicated aerobic conditions.   
A 21 ml water sample was removed from each core daily for the first 7 days and then 
every other day for the remainder of incubations.  The overlying water was maintained at a 
volume of 1 L using filtered (0.45 um membrane) reservoir water with known SRP, N+N, and 
Ammonia (NH3) concentrations collected from Granny Hollow at the time the cores were taken.  
For the core replacement water and the core samples, SRP was measured using the automated 
ascorbic acid reduction technique in EPA Method 365.1 (EPA 1993a).  Nitrate+nitrite was 
measured by reducing the nitrate to nitrite via the copper-cadmium reduction technique, then 
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the total nitrite representing combined Nitrate + Nitrite was measured using automated 
colorimetry in EPA Method 353.2 (EPA 1993b).  Ammonia was measured via semi-automated 
colorimetry using the sodium salicylate technique in EPA Method 351.2 (EPA 1993c). 
A linear regression of P mass (mg L-1 SRP multiplied by 1 L core volume) in the overlying 
water as a function of time was performed for each core incubation.   Concentrations were 
corrected for the removal of the 21 ml sample volumes and addition of replacement water.  
The slope of the linear regression line represented the change in mass of SRP over time (mg d-
1); dividing by the surface area of the sediment (0.0032 m2) in each core yielded the P release 
rate (mg m-2 d-1).  Under aerobic conditions, SRP concentrations in the waters overlying 
sediment cores will often reach a steady state or equilibrium, as documented by Wang et al. 
(2008) and James (2012).  James (2012) observed the abatement in P release out of sediments 
over time was likely due to a reduction in the P concentration gradient between the sediment 
pore water and the water overlying the sediment.  Due to this tendency for release of P to the 
overlying water to slow over time in aerobic core incubations, the linear portion of the aerobic 
incubation release curve was used to determine the potential aerobic release rate.  This 
approach is similar to oxygen demand studies where the linear portion of the demand curve is 
used to set the rate while the portion of the demand curve at 0 mg L-1 DO is excluded.  The 
potential P release capacity of the sediments determined using this method more accurately 
mirror the in-lake sediment P release under aerobic conditions as SRP concentrations of the 
water in Beaver Lake in the summer are always low enough to maintain a strong P 
concentration gradient with the sediment pore water.   
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After incubation, sediment composition was analyzed using the Mehlich-III extraction 
methodology (Zhang et al. 2014) for a range of soil constituents at the University of Arkansas 
Soil Test Laboratory.  Incubated sediments were dried at 103 C for a period of 48 hours after 
which each sample was homogenized using a mortar and pestle.  One gram from each sample 
was selected for acid digestion.  Total digest was completed according to EPA Method 3050B 
(EPA 1996) and analyzed on a Spectro Arcos ICP.  Additional lab methods can be found through 
the Soil Testing Laboratory homepage (UAEX 2018). 
The coring device was also used to collect a representative sample of bed-sediments at 
each site for EPCo determination.  After bringing the cores to the surface, the water was 
drained, and a plunger was used in the core tube to push approximately 2.5 cm of surface 
sediments into a collection container.  EPCo sediment samples for each site were stirred until 
uniform.  Five grams of sediment sample were placed in a 50 ml centrifuge tube and treated 
with 40 ml of membrane filtered (0.45 µm) lake water containing 0.0, 0.05, 0.10, 0.50, 1.00, 
2.00, 4.00, and 8.00 mg P l-1.  The tubes were then covered with aluminum foil and shaken at 
room temperature (~21 °C) using a mechanical shaker at 140 rpm for 24 hours.  After which, 
the tubes were centrifuged at 4000 x g for 20 min.  Supernatant water was extracted from each 
tube and filtered through a 0.45 µm membrane filter.  Soluble reactive P was measured 
spectrophotometrically in the filtrate using the molybdenum blue method.  After SRP was 
measured in the filtrate, the remaining sediments were dried in an oven at 103 °C for 48 hours 
to remove all moisture.  P sorbed was calculated as the difference between the initial and the 
final P concentration of the filtrate.  The parameters for the three replicates for each site were 
averaged for use in statistical analysis. 
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The amount of P sorbed per dry weight of sediment (S’, mg Psorbed kg-1 dry sediment) was 
regressed against the final SRP concentration of the filtrate (Cf, mg L-1) according to the 
following equation (Reddy et al. 1998): 
𝑆′ = 𝐾𝑑 ∗ 𝐶𝑓 − 𝑆𝑜         (Equation 4.1) 
where So is the initial P sorbed in the sediment (mg kg-1) and Kd is the linear sorption coefficient 
(l kg-1).  The x-intercept of the linear regression represents the point at which P sorption and 




          (Equation 4.2) 
Water quality profiles were collected weekly at each cove site.  A hydrolab DS5 
multiparameter data sonde was used to collect temperature, DO, pH, and chl-a measurements 
at half meter intervals from the surface to the bottom.  Along with the profiles, a Li-Cor LI-193 
Spherical Underwater Quantum Sensor was used to determine photic zone depth according to 
the methods described in Kirk (1994).  Weekly water quality sampling was conducted using a 
peristaltic pump to collect a liter of water at one-meter intervals from the surface to the 
bottom at each site.  Bottom samples were held at 0.5 m off the bottom so as not to disturb 
bed-sediments.  Using the photic zone depth recorded for each sampling event and site, a 
photic zone composite was created by averaging the water quality data for samples taken 
within the photic zone.  For example, to determine the photic zone SRP concentration at site PF 
on 30-May, the SRP values for the top 4.0 m of the water column (photic depth) were averaged. 
Samples were analyzed in the lab for SRP, total phosphorus (TP), nitrate+nitrite (N+N), 
total nitrogen (TN), pH, and total suspended solids (TSS).  A photic zone composite sample was 
also collected weekly at each site with the peristaltic pump for chl-a analysis.  Duplicates were 
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collected for a minimum of 10% of the samples and a field blank with de-ionized water was 
processed through the sampling equipment for each sampling trip to test cross contamination 
between samples.  Soluble reactive P and N+N were measured using the same methods 
described for the core incubation analysis.  Total nitrogen and total phosphorus were analyzed 
via the persulfate-sodium hydroxide method where full oxidation of nitrogenous and 
phosphorus compounds occur under alkaline and acidic conditions, respectively (APHA 1999).  
Total suspended solids were determined according to EPA Method 160.2 (EPA 1971) where 
samples were filtered using Millipore AP-40 glass filters and then dried at 103 °C.  A Hach 
HQ440d benchtop multiparameter meter was used to determine pH.  Chlorophyll-a was 
determined using a Hach DR6000 benchtop spectrophotometer.  Water quality analysis was 
conducted at the Arkansas Water Resources Center certified water quality lab.  Laboratory 
analysis methods and method detection limits were all consistent with EPA standards and are 
available through the AWRC homepage (AWRC, 2018).   
4.3 Results 
4.3.1 EPCo Summary 
Linear regression the mass of SRP sorbed per kilogram of dry sediment (S’, mg P kg-1 dry 
sediment) versus the final concentration of SRP in the filtrate (Cf, mg L-1, Figure 4.3) resulted in 
statistically significant relationships (P<0.01) and r2>0.85 for all sites.  EPCo values obtained for 
each of the sites were similar with site MD being the highest at 0.027 mg L-1 and site UP being 
the lowest at 0.024 mg L-1 (Table 4.1).  The average EPCo values obtained suggest that in order 
for the release of P from sediment to occur, the concentration of P in the water column needed 
to be <0.024 mg L-1 for site UP, <0.027 mg L-1 for site MD, and <0.025 mg L-1 for site PF (Table 
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4.1).  Sediment P sorption capacity (Kd) was lowest at site UP (16995 L kg-1) and highest at site 
PF (40026 L kg-1, Table 4.1).   
 
Figure 4.3.  Sorption isotherms under aerobic conditions for equilibrium phosphorus 
concentration determination at sites UP, MD, and PF.  Error bars represent standard deviation 
for the samples that were analyzed in triplicate.   
Table 4.1. Phosphorus adsorption characteristics of the sediment at the three collection sites.  
Standard deviation in parenthesis. 
 
There was some concern that the highest filtrate SRP concentrations unduly influenced 
the statistical significance of the regressions.  Therefore, to give more weight to the regression 
results, it was useful to compare the EPCo determined for each site to the range of filtrate SRP 
concentrations in the experimental analysis where S’ was near zero.  EPCo is defined as the 
concentration of SRP in the filtrate such that sorption and release of P from the sediments is at 
Sample 
Site r2 P-value
Cf Range for 0 mg 
L-1 SRP Treatment 
(mg L-1)
UP 16995 (1560.6) 404.91 (32.99) 0.024 (3.9X10-3) 0.93 <0.001 0.018-0.039
MD 38566 (13052) 1049.30 (376.87) 0.027 (1.4X10-3) 0.85 0.001 0.023-0.033
PF 40026 (2440.6) 993.84 (246.33) 0.025 (5.3X10-3) 0.90 <0.001 0.016-0.029
Kd (L kg
-1) So (mg kg
-1) EPCo (mg L
-1)
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equilibrium and is calculated with regression at S’=0; or simply put, where the regression 
crosses the x-axis.  Experimental values that were closest to S’=0 tended to act as anchor points 
for the regression, influencing where the regression line will cross the x-axis.  As such, these 
values are important to the overall EPCo analysis as they have the most influence on the results.  
The range in final filtrate concentrations for the 0 mg L-1 treatments for each site indicate that 
the regression determined EPCo values were within the range of filtrate SRP concentrations 
when S’ was near zero (Table 4.1).   
4.3.2 Core Summary and Sediment Characteristics 
Concentrations of sediment constituents were generally highest at the middle site (MD), 
followed by PF, then lowest at the shallow site (UP).  However, Iron, Manganese, and Potassium 
all increased along a continuum from shallow to deep (Table 4.2).  Extractable P was 502 mg kg-
1 at site MD, slightly lower at site PF (450 mg kg-1), and 419 mg kg-1 at UP. 
Table 4.2. Mean sediment characteristics in mg kg-1 of the three sampling sites.  Standard 
deviation in parenthesis. 
 
Initial SRP concentrations measured in the overlying water of the intact sediment cores 
ranged from 0.002-0.005 mg L-1 and DO was >7 mg L-1.  Soluble reactive P concentrations of the 
filtered replacement water were all <0.004 mg L-1.  The minimum DO concentration observed 
during aerobic incubation was 6 mg L-1.  The first 5 days of the incubation exhibited a linear 
increase in SRP concentration of the overlying water while the remainder of the incubation was 
curvilinear (Figure 4.4).  The greatest mean concentration was 0.031 mg L-1 at site UP, 0.028 mg 
L-1 at site MD, and 0.027 mg L-1 at site PF (Figure 4.4).   
Site
UP 418.8 (100.9) 759.7 (135.3) 9184.3 (1501.0) 5299.9 (916.8) 550.3 (108.9) 10382.2 (659.9) 252.4 (58.3)
MD 501.6 (10.6) 987.7 (14.11) 11255.2 (178.4) 7339.1 (67.9) 737.7 (11.4) 11700.4 (89.1) 357.2 (5.8)
PF 450.4 (18.9) 989.6 (65.1) 10763.1 (646.4) 5406.1 (231.0) 703.9 (47.8) 13485.6 (566.8) 525.9 (48.9)
Phosphorus Potassium Aluminum Calcium Magnesium Iron Manganese





Figure 4.4.  Mean soluble reactive phosphorus concentrations of the overlying water of the 
intact sediment cores under aerobic conditions at three sites in Granny Hollow on Beaver Lake.  
Error bars represent standard deviation for the samples that were analyzed in triplicate.   
The linear portion of the concentration-time relationship (Days 1-4, Figure 4.4) was used 
to determine the SRP release rate.  The slope describing change in adjusted SRP mass with time 
was significantly different than zero at all three sites with r2>0.99 (Table 4.3).  Soluble reactive P 
release under aerobic conditions was 2.02, 1.89, and 1.37 mg m-2 d-1 at sites UP, MD, and PF, 
respectively (Table 4.3). 
Table 4.3. Linear relationship between time and adjusted soluble reactive phosphorus mass 
released by the sediment into the overlying waster of the intact sediment cores at three sites in 
Granny Hollow of Beaver Lake.  Standard deviation in parenthesis. 
 
4.3.3 Water Quality 
The average water column SRP concentration over the course of the study period was 
0.002±0.003 mg L-1.  The highest recorded SRP concentrations were observed at the bottom of 




UP 6.40 (1.14) 2.02 (0.36) 0.99 <0.001
MD 5.97 (0.26) 1.89 (0.08) 0.99 <0.001
PF 4.34 (0.45) 1.37 (0.66) 0.99 <0.001













at 0.024 mg L-1.  All other recorded observations were <0.01 mg L-1.  Average concentration of 
SRP in the photic zone and from the bottom sampling locations were 0.003 mg L-1 (Table 4.4).  
Total P concentrations were higher on average toward the bottom of the cove.  Bottom mean 
TP was highest at site PF (0.07 mg L-1) while photic zone mean TP was 0.04 mg L-1 at all sites 
(Table 4.4).  Mean TSS, TN, and pH were all greater toward the bottom of the cove.  Nitrate + 
nitrite was also greater along the bottom at sites UP and MD, but greater in the photic zone at 
PF.   
Table 4.4. Mean concentrations of nitrate+nitrite, total nitrogen, soluble reactive phosphorus, 
and total phosphorus within the photic zone and at the bottom for each site. Standard 
deviation in parenthesis.  Asterisk indicates reported value was below the method detection 
limit (0.005 mg L-1). 
 
Over the course of the study period, turbidity in the photic zone declined at each site 
from a high greater than 8 nephelometric turbidity units (NTU) on 21 May 2018 to a low of <2 
NTU on 2 July 2018 (Figure 4.5).  SRP in the photic zone was variable and ranged from non-
detect at all sites on 2 July, to max of 0.006 mg L-1 which occurred at site UP on the 25th of June 
(Figure 4.5).  Total P in the photic zone was variable and ranged from a low period on 4 June 
2018 of <0.03 mg L-1 to a high period of >0.04 mg L-1 on 2 July 2018 for all sites.  Per site, photic 
zone TP ranged from a low of 0.017 mg L-1 at site UP on 4 June 2018 to a high of 0.061 mg L-1 at 
site MD on 10 July 2018.  Photic zone chl-a increased from 21 May 2018 to 25 June 2018 from a 
Site Depth (m) n
UP Photic Zone Mean 8 0.69 (0.36) 1.23 (0.34) 0.003* (0.003) 0.04 (0.02) 8.54 (0.38) 11.20 (11.90)
Bottom Mean 8 0.75 (0.40) 1.34 (0.37) 0.003* (0.002) 0.06 (0.02) 8.16 (0.31) 24.54 (16.32)
MD Photic Zone Mean 8 0.67 (0.40) 1.24 (0.37) 0.002* (0.004) 0.04 (0.02) 8.39 (0.48) 10.41 (8.35)
Bottom Mean 8 0.72 (0.51) 1.38 (0.43) 0.004* (0.008) 0.06 (0.02) 7.70 (0.37) 23.29 (9.87)
PF Photic Zone Mean 8 0.66 (0.39) 1.19 (0.33) 0.002* (0.002) 0.04 (0.01) 8.29 (0.51) 7.13 (4.10)
Bottom Mean 8 0.58 (0.54) 1.37 (0.40) 0.004* (0.005) 0.07 (0.04) 7.45 (0.32) 26.30 (14.61)
TSS mg L-1Nitrate + Nitrite TN mg L-1 SRP mg L-1 TP mg L-1 pH
89 
low of 10.5 µg L-1 at site UP to a high of >40 µg L-1 at site UP.  Sites MD and PF had a similar 
increasing trend.   
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Figure 4.5. Photic composite turbidity, total phosphorus, and chlorophyll-a concentrations over 
time for sites UP, MD, and PF.  Site PF turbidity not available for 30 May, 4 June, and 11 June 
due to equipment malfunction.  Error bars represent standard deviation.  There is no standard 
deviation for chlorophyll-a as it was taken as a composite sample.  For SRP, the method 
detection limit was 0.005 mg L-1 and zero values indicate non-detect. 
4.4 Discussion 
4.4.1 EPC vs Lake SRP 
The EPCo results from this study were all >0.024 mg L-1, while SRP concentrations in the 
water column averaged 0.002 mg L-1 during the study period.  A comparison of means via 
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ANOVA indicated that they were significantly different (F(1,128)=366.22, p<0.001).  It can be 
concluded from the results that SRP<<EPCo and led to conditions that support the release of P 
from sediments.  Similarly, Twinch and Peters (1984) observed in Lake Memphremagog in 
Quebec P-release from sediment when SRP<EPCo.   
The EPCo values identified in this study were within the range reported in the literature 
(Table 4.5).  Other reservoirs, shallow lakes, and eutrophic systems were found with a similar 
range of EPCo.  EPCo research in Lake Tohopekaliga in Florida with shallow eutrophic conditions 
had a range of EPCo from 0.001 to 0.110 mg L-1 under aerobic conditions (Table 4.5).  Also 
similar to this study, mean water column SRP concentration was reported to be less than 0.005 
mg L-1 (Belmont et al 2009).  From the studies in Table 4.5, sediment TP does not seem to be a 
good indicator of EPCo; Lake Kissimmee had the highest sediment TP at 1600 mg kg-1 while EPC 
was only 0.006 mg L-1, whereas the wastewater treatment wetlands had a sediment TP range of 
190-1200 mg kg-1 with an EPC of 0.02-2.89 mg L-1.  Instead, the physical characteristics of the 
sediment such as sand, silt, and clay composition seem to have the most influence on EPCo.  Cyr 
et al. (2009) report a correlation between EPCo and the silt:water ratio of the sediment, 
however, that parameter was not analyzed for this study.   
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Table 4.5.  Comparison of published equilibrium phosphorus concentration and linear sorption 
coefficients (Kd) from a variety of freshwater sediments. 
 
4.4.2 EPCo vs Cores 
The water overlying the cores all exhibited an initial linear trend in adjusted SRP 
concentration over time followed by a curvilinear trend approaching a maximum concentration 
(Figure 4.4).  This trend was also observed in other aerobic release studies (Wang et al 2008; 
James 2012).  Twinch and Peters (1984) discussed a similar result finding a dynamic equilibrium 
in SRP concentrations between aerobic waters and the sediment.  Holden and Armstrong 
(1980) also explored sediment P-release for several eutrophic lakes in Wisconsin.  They found 
that high release rates could be sustained by routinely replacing the overlying water with water 
low in SRP.  When this was not done, release rates would slow over time (Holden & Armstrong 
1980).  In this study, an initial linear release rate was sustained until overlying water reached a 
threshold SRP concentration.  The range of EPCo conditions observed (0.024-0.027 mg L-1) and 
the maximum concentrations achieved in the water overlying the sediment cores (0.027-0.031 
mg L-1) were very similar.  We concluded that the sediment release was impacted by the 
overlying water SRP concentration, effectively reaching the EPCo, or the threshold 
concentration where sediment sorption and release were in equilibrium.   
Two additional Beaver Lake studies documented aerobic P release with Sen et al (2007) 
finding a range of <0.01-0.89 mg m-2 d-1 while Hamdan et al (2010) was around                      





EPCo            
(mg L-1)
Kd                      
(L kg-1) References
Beaver Lake, Arkansas, USA Shallow Reservoir Cove 3 2.5 419-502 0.024-0.027 16995-40026 This Study
Kis-Balaton Reservoir , Hungary Shallow Reservoir 5 2 290-630 0.07-0.30 - Istvanovics et al. 1989
Fanshawe, Ontario, Canada Reservoir 3 5 1300-1400 0.038-0.057 - Cyr et al. 2009
Arreskov, Denmark Shallow Polymictic Lake 2 2 1300 0.014 - Cyr et al. 2009
Balaton, Hungary Shallow Polymictic Lake 2 2 500-700 0.01-0.018 - Cyr et al. 2009
Lake Kissimmee, FL, USA Eutrophic  Lake 5 10 60-1641 0-0.006 2572-68581 Belmont et al. 2009
Lake Tohopekaliga, FL, USA Eutrophic Lake 6 10 61-422 0.001-0.110 5-767 Belmont et al. 2009
Lake of the Woods, MN, USA Eutrophic Lake 4 10 642-761 0-0.013 706-3255 James 2017
Constructed Wetlands, ON, CAN Wastewater Treatment Wetlands 8 - 190-1200 0.02-2.89 14000-85000 Pant et al. 2001
Lake Opeongo, ON, CAN Oligo-Mesotrophic Lake 8 1 200-900 0-0.005 - Cyr et al. 2009
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0.002 mg m-2 d-1.  Both ranges are significantly lower than the aerobic release rates found in 
this study.  The problem with comparing these studies is that they did not examine cores from 
areas where significant lake sedimentation occurs.  Sedimentation and bathymetry mapping in 
Beaver lake by Boss and Neely (2004) showed that sedimentation was low along the thalweg of 
the reservoir where cores were collected in Sen et al (2007), but concentrated in hot spots, 
especially in the upper/shallow portions of coves.  Hamdan et al (2010) collected in shallow 
littoral zones along the edge of the lake, but not in coves where concentrated flow, sediments, 
and nutrient loading from the watershed are deposited. 
4.4.3 SRP and Chlorophyll-a Observations 
While the aerobic P release rate from the sediment core incubations resulted in SRP 
concentrations approaching the EPCo for sediments at each site, the SRP concentrations 
observed in the study cove averaged 0.002 mg L-1 for the study period.  Photic zone chl-a on the 
other hand significantly increased over a six-week period as determined by regression analysis 
from <15 to >30 µg L-1 (r2=0.68, p-value = <0.001).  From the data, it appears that algae 
concentrations increased despite limited P availability.  However, when you consider that the 
core incubations resulted in SRP release, we concluded that for in-lake conditions, algae 
consumed the SRP as it was released, resulting in the observed increase in chl-a.  Unexpectedly, 
there was only a slight observed increase in TP in the photic zone during the study period.  A 
potential explanation is that early TP concentrations (Figure 4.5) were supported by turbid 
water conditions and not necessarily tied to algal biomass.  Sediments from the catchment that 
led to turbid conditions will be high in P due to catchment land use.  As the water column 
became less turbid, P attached to sediments settled to the bottom and algae became the main 
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source of water column TP.  A decrease in TP concentrations is seen as turbid conditions 
improve, then an increase in TP concentrations as algae (chl-a) become predominant in the 
water column (Figure 4.5). 
Algae can rapidly utilize SRP in the water column if conditions are right.  Even small 
increases of P in the parts per billion range are enough to stimulate algae toward eutrophic 
conditions (McDowell et al 2004).  This study’s findings of algal growth utilizing P released from 
sediments is also confirmed by Golterman (1973) who reported that algae uptake would be 
followed by sediment P release. 
4.4.4 Algal demand fuels P-release 
There appears to be an interconnectedness between algal demand and sediment P 
release as observed by this study and confirmed by Golterman (1973) as well.  Other authors 
have suggested basic conditions (pH>9) produced as a result of photosynthesis may be a 
mechanism for decoupling Fe-P and Al-P bonds and releasing P from sediments (Gao et al. 
2012, Gao et al. 2013, Xie et al. 2003).  However, profiles during this study resulted in pH values 
less than 9.0 throughout the water column.   
Twinch and Peters (1984) found that even an oxic sediment-water interface will not 
prevent the release of P when SRP<<EPCo but also concluded that algae were responsible in 
their experiments for low observed SRP conditions.  Littoral areas, due to their high 
productivity, are continually depleted of nutrients during the growing season (Cyr et al. 2009).  
As suspended algae growth increases each summer, the availability of nutrients declines 
resulting in waters where SRP<<EPCo.  Therefore, algae become a significant driver of P release 
95 
from sediments by maintaining SRP below the EPCo, fueling more P-release and subsequent 
algal growth.   
4.4.5 Buffer Capacity and Land Use 
The linear sorption coefficients (Kd) found in this study were on the high end of other 
eutrophic freshwater systems (Table 4.5).  This indicates that these sediments have a high 
capacity to adsorb P when concentrations in the overlying water exceed the EPCo.  Surface 
runoff from the cove catchment may lead to higher SRP conditions due to the cove land use.  
The catchment draining to Granny Hollow had a poultry house density of 2.1 houses km-2, more 
than double the value identified by McCarty et al (2018) as being associated with high in-stream 
SRP concentrations.   
Stream conditions are affected by poultry houses due to the application of litter near 
poultry operations for pasture enrichment.  Efforts to determine in-stream SRP concentrations 
for the creek draining to Granny Hollow were not successful as surface flows were not visible 
during the study period.  However, due to the poultry house density, it is likely that during 
runoff conditions SRP>>EPCo, creating conditions for the replenishment of P in sediments.   
Reduction of P loads going into the cove would be the first step in efforts to reduce 
eutrophic conditions.  This would be accomplished through best management practices such as 
pasture renovation, riparian and edge of field buffers, and reduction of litter application.  Due 
to the high levels of legacy P already contained in catchment soils and cove sediments, it will 
likely take many years before any appreciable reductions in eutrophic conditions are realized.  
More immediate reductions in eutrophic conditions of the cove may require alum treatments 
to bind P in cove sediments. 
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4.5 Conclusions 
This study examined water quality profiles and bed-sediments for a cove in the War 
Eagle arm of Beaver Lake during the growing season.  There were several notable conclusions 
to this study.  First, water quality indicated high algal productivity but very low SRP.  Sediment 
cores and EPCo analysis indicated release of P from sediments, even during aerobic conditions.  
A potential explanation for this is algal demand and aerobic P-release form a positive 
reinforcement loop where algae effectively induce the conditions favorable for P-release 
(SRP<<EPCo).  Second, examination of the sediments also indicated a high capacity for storage 
of P as well as release during mixing events, ensuring that if conditions do not change, 
sediments in Granny Hollow will continue to adsorb P during runoff events and have the 
capacity to deliver P in the form of internal loading.  Third, algal growth potential or trophic 
conditions within a shallow water body are not limited by the concentration of SRP measured in 
the water column.  Studies of shallow water bodies with low SRP concentrations and high 
productivity should look to the sediments as a source of phosphorus to fuel algal growth.  
Finally, findings suggest that shallow areas and coves should not be overlooked when 
quantifying whole-lake P budgets.  Changes that may lead to a reduction of P loading to the 
cove include interventions in the watershed such reduced poultry litter application or improved 
adoption of BMPs.  Interventions within the cove itself could include the application of alum to 
bind much of the phosphorus available within the sediments.  
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5 Water Exchanges and Phosphorus Flux between a Reservoir and Eutrophic Littoral Zone 
James A. McCarty and Cody B. Hudson 
Abstract 
Eutrophication of surface waters can lead to excessive algal growth with consequences 
for drinking water treatment.  Sources of nutrients that fuel late summer peak algal 
productivity are still not fully understood.  One potential source is reservoir littoral zones, which 
have been described as the most productive zone of the water body.  A shallow cove was 
selected as an isolated and semi-controlled location to model thermoconvective mixing and 
transport in a littoral area.  Hydraulic and phosphorus flux between the reservoir and littoral 
area was quantified through field measurements and a 3D lake model for the Granny Hollow 
cove in the War Eagle Arm of Beaver Lake in Northwest Arkansas during the month of July 
2018.  On average, water tended to move into the cove along the bottom and out along the top 
with a net hydraulic flux out of the cove of -723,000 m3.  Peak surface velocity exiting the cove 
averaged 2.09 cm s-1 for the month of July, while peak bottom velocity was 1.29 cm s-1.  Mean 
hydraulic residency was around eight days.  Diurnally, water movement switched directions 
moving out of the cove along the surface during diurnal heating, and into the cove along the 
surface during diurnal cooling as a result of thermoconvective circulation.  Diurnal heating 
proved to be the more dominant force with higher velocities and hydraulic fluxes moving out to 
the main channel along the surface of the cove.  Phosphorus exchange between the reservoir 
and littoral area did occur, with 13.3 kg P transported from the bottom of the cove to the 
surface via convective currents and subsequently out of the cove.  Total transport out of the 
surface of the cove was 13% as large as the only point source in the major tributary to the War 
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Eagle arm of Beaver Lake.  Additionally, transport out of the cove was 35% as large as the 
calculated load delivered to the War Eagle arm of the reservoir for the month of July.  Similar 
conditions are likely present in all littoral areas of the reservoir, indicating a significant means of 
transport of phosphorus and other nutrients from bottom waters to the surface.  This 
phenomenon would be exacerbated under the presence of an anoxic hypolimnion where 
greater concentrations of nutrients exist to be transported to the surface.  Littoral areas are 
likely a major contributor to nutrients required for late summer algal blooms that occur in 
southern reservoirs.   
5.1 Introduction 
5.1.1 Littoral-Pelagic Exchange 
Eutrophication of surface waters leads to an array of water quality problems, which 
include excess algal growth (Carpenter 1998).  Algae production in drinking water sources is a 
major component in taste and odor issues (Juttner & Watson 2007), disinfection byproduct 
formation (Nguyen et al 2005), and production of cyanotoxins (Paerl & Otten 2013).  Algal 
productivity is tied to the availability of nutrients within a water body.  Those nutrients 
originate from the watershed as external loading but can persist within the waterbody as 
internal loading (Orihel et al. 2017).  Summer stratification can induce anoxic conditions in the 
hypolimnion that support the release of phosphorus (P) from sediments (Nurnberg 1987).  
However, the stratified layers can inhibit opportunities for dissolved P within the hypolimnion 
to mix within the photic zone to be used by algae (Wetzel 2001).   
Despite lack of a concrete source of dissolved P, algae seem to thrive in southern U.S. 
reservoirs during late summer.  McCarty (2019a) observed that the Beaver Lake algae maximum 
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for the year also coincided with a period of very low inflow and nutrient load from the 
watershed.  Additionally, while the main source of external loads is at an annual minimum, the 
general flow of P within the photic zone needed to support continued growth is downward out 
of the photic zone as organic particulate matter settles to the bottom.  During active algal 
growth, P must be continuously replaced due to particulate loss from the epilimnion.  Greater 
than 50% of the P within epilimnetic algae can be lost in a period as short as several days due to 
sedimentation (Wetzel 2001).  So then, what is the source of P that supports the exponential 
growth of algae during late summer?   
Building on two previous studies, McCarty (2019a, 2019b) examined eutrophic littoral 
zones as a potential source of P that fuels late summer productivity.  McCarty (2019b) reported 
that in eutrophic littoral areas, sediment P release was positive under aerobic and anaerobic 
core incubations.  The typical paradigm is that anaerobic waters support the redox conditions 
necessary for particulate P in the bed-sediments to dissolve into solution while aerobic 
conditions favor the binding of dissolved P with metals where they precipitate and fall to the 
bottom (Mortimer 1941, 1942).  Despite this paradigm, aerobic release rates were observed in 
the littoral zone of Beaver Lake (McCarty 2019b) that were higher than those documented in 
the pelagic zone under aerobic and anaerobic conditions (Sen et al. 2006).  Further, McCarty 
(2019a) indicated that algae may be a driver of aerobic P release by maintaining water 
conditions below the equilibrium P concentration (EPCo).  When concentrations of P in the 
water overlying sediments is less than the EPCo, a concentration gradient forms that drives 
dissolved P out of the interstitial sediments and into the overlying water.  This interaction can 
only happen in the waters of the littoral zone as they are shallow enough for algae in the photic 
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zone to be in contact with the benthic sediments.  Release rates, algal demand, and the direct 
interaction between the photic zone and bed-sediments points to the significance of littoral 
zones as a source of nutrients that drive algal growth. 
McCarty (2019a, 2019b) demonstrated that littoral areas are important sources of P and 
algal productivity to a water body but did not demonstrate a transport mechanism by which P 
could be utilized to fuel algal growth in the pelagic zone.  Other studies have shown that 
transport of nutrients out of the littoral zone is an important factor in the overall nutrient 
loading of a water body (James & Barko 1991a, 1991b, 1993; Twinch & Peters 1983).  
Particularly, the sediments of the littoral zone, may be a significant source of P to the pelagic 
zone during certain times of the day and even seasonally (MacIntyre & Melack 1995).  This is 
accomplished via convective circulation whereby temperature density gradients within the 
reservoir lead to exchanges of water in and out of the littoral zone, transporting nutrients with 
them.   
Horsch and Stefan (1988) were the first to develop a model of convective circulation in 
the littoral zone, showing that it could be a significant factor in littoral zone hydraulic residency.  
At the time, there was not any documented field evidence of the phenomena.  However, two 
years later, James and Barko (1991a) published their first of a series of papers documenting the 
effect on the Eau Galle Reservoir in Wisconsin.  Theirs was the first to document that cooler 
waters at night followed the bottom slope of the reservoir out into the pelagic zone.  The 
difference in the concentrations of phosphorus between the littoral and pelagic zones resulted 
in a daily flux of phosphorus to the pelagic zone.  These results indicated that internal loading 
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from the littoral zone accounted for 22% of the phosphorus input to the reservoir in July of the 
study year.   
James and Barko’s (1991b) next paper sought to quantify how concentrations of P were 
higher in the littoral zone than the pelagic.  They established linear relationships between pH 
and sediment P release under both aerobic and anaerobic conditions and showed marked 
vertical and horizontal gradients of TP concentrations indicating the littoral sediments as the 
source.  They assumed uniformity of their observations across the whole reservoir littoral zone, 
however, admit that variations in things like slope and vegetation likely impact the transport 
effect.  They also admitted it is difficult to determine TP flux because they did not have a long 
data set to determine how often the effect occurred.   
James and Barko’s (1993) next body of work developed a phosphorus budget for Eau 
Galle Reservoir.  Using estimates of convective circulation and close interval samples of 
phosphorus concentrations along  a transect, they estimated that littoral sediments accounted 
for 15% of the total P input and 25% of the internal P load in the reservoir.  Their study 
highlights that internal loading from littoral and profundal sediments must be included in any 
mass balance of P in reservoirs.  James and Barko’s (1993) work were then confirmed by James, 
Barko, and Eakin (1994) when they performed a similar convective current experiment on a 
small embayment of Lake Guntersville in Alabama.  James and Barko (1991a; 1991b; 1993) as 
well as Sturman et al. (1999) documented that diurnal cooling caused waters to flow down 
slope.  These waters would then carry with them any nutrients and algae that were produced 
within the littoral zone.  Convective flow down slope details how littoral zones can contribute to 
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overall loading of a water body but does not address the source of P to the photic area of the 
pelagic that results in late summer peak algal productivity. 
The objective of this study was to improve our understanding of how shallow eutrophic 
littoral areas may contribute to phosphorus loading in the main reservoir.  We sought to study 
the connection between P in the littoral zone and demand for P in the photic depths of the 
pelagic zone that fuels late summer algal growth. This research utilized a 3D reservoir model to 
identify daily convective exchange patterns in Granny Hollow cove on Beaver Lake in Northwest 
Arkansas.  We quantified the total water exchange and P flux between Granny Hollow and the 
main reservoir that resulted from the convective exchange patterns.  Findings from this study 
will help to more efficiently prioritize efforts and funding to reduce the P load to Beaver Lake 
and the effects of eutrophication on drinking water treatment. 
5.2 Methods 
5.2.1 Site Description 
Beaver lake is the first large U.S. Army Corp of Engineers impoundment along the White 
River as it flows from Northwest Arkansas north into Missouri, then southeast back into 
Arkansas, and finally to the Mississippi River.  Two main rivers come together in the riverine 
zone of Beaver Lake, War Eagle Creek and the White River (Figure 5.1).  Within the War Eagle 
arm, there is a small, shallow, eutrophic cove called Granny Hollow.  The entire cove has an 
area of 11.31 hectares and is located at Latitude 36.2017 N, Longitude -93.9716 W.  When full, 
Granny Hollow has an average depth of 4.1 m, a maximum depth of 8.3 m, and a slope of 
roughly 1.2% toward the mouth of the cove.  At a reservoir level of 341.9 m MSL on July 1, 
2018, surface area of the cove was 82000 m2 and total water volume roughly 210,000 m3.  From 
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1-31 July, water levels declined by 0.5 m to an elevation of 341.4 m MSL (USACE, 2018), 
representing a 10% decline in water volume and an 8% decline in water surface area. 
 
Figure 5.1. Granny Hollow with associated bathymetry and sampling sites PF, MD, and UP. Stars 
indicate the location of the cove within the state of Arkansas and within Beaver Lake. The cove 
boundary with the main channel of the reservoir (War Eagle Creek arm of the reservoir) is at 
the top of the cove bathymetry map and also represents the model boundary separating the 
cove and the main reservoir.  Cutout depicts example of model grid with a grid size of 1 m x 1 m 
x 0.5 m in x,y,z space.  Adapted from McCarty 2019a. 
Granny Hollow is considered eutrophic with an average surface grab sample chlorophyll-
a concentration of >30 µg L-1 and a maximum concentration of 101 µg L-1 during the growing 
season for the years 2015-2018 (McCarty 2018).  By contrast, the main channel of the reservoir 
just outside the cove has an average growing season chlorophyll-a concentration of 24 µg L-1 
and maximum of 48 µg L-1 (McCarty 2018).  Typical water quality conditions for the cove are 
displayed in Table 5.1.  Concentrations of total nitrogen (TN), soluble reactive P (SRP), total P 
(TP), and total suspended solids (TSS) are all greater along the bottom than in the photic zone.  
On average, reported SRP values range from 0.002 mg L-1 at the surface to 0.004 mg L-1 (MDL = 
0.005 mg L-1 SRP) at the bottom while TP is from 0.04 mg L-1 at the surface to 0.07 mg L-1 at the 
bottom. 
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Table 5.1. Average summer concentrations of nutrients and suspended solids as well as pH for 
bottom waters and photic zone of Granny Hollow (McCarty, 2019) (N+N = nitrate + nitrite, TN = 
total N, SRP = soluble reactive P, TP = total P, and TSS = total suspended solids).  Standard 
deviations shown in parentheses.  Asterisk indicates reported value was below the method 
detection limit (0.005 mg L-1).  From McCarty 2019b. 
 
5.2.2 Environmental Data Collection 
Previous studies informed water quality (McCarty 2019a) and temperature profile 
(McCarty 2019b) conditions for the cove.  These data were used to support development of the 
cove model and estimate P flux into and out of the cove.  Briefly, water samples were collected 
at 1 m intervals weekly throughout the summer of 2018 at sites UP, MD, and PF as depicted in 
Figure 5.1.  At the same time, a data sonde (Hydrolab DS5) was also used to collect temperature 
profiles at 0.5 m intervals for each site.  Only three of the weekly profiles and water quality data 
sets were used in this study: 25 June, 2 July, and 10 July, which were the closest data collected 
to our modeling period of July 2018.  For a more detailed description of water quality collection 
and analysis methods, see McCarty 2019a.  In addition to the weekly data, we also utilized 
profile data collected in McCarty 2019b.  In short, a profiling sensor platform was installed at 
site PF (Figure 5.1) which collected hourly temperature profiles of the water column at 0.5 m 
intervals.  For additional details on the methods for the profile platform, see McCarty 2019b. 
5.2.3 Numerical Model 
The three-Dimensional coupled Hydrodynamic-Aquatic Ecosystem Model (AEM3D) was 
used to study hydrodynamics and convection in the cove.  AEM3D is based on the numerical 
solution to the Reynolds-averaged Navier–Stokes equations using the Boussinesq and 
hydrostatic assumptions (Hodges et al, 2000).  AEM3D simulates heat and momentum transfer 
Depth (m) n
Photic Zone Mean 8 0.66 (0.39) 1.19 (0.33) 0.002* (0.002) 0.04 (0.01) 8.29 (0.51) 7.13 (4.10)
Bottom Mean 8 0.58 (0.54) 1.37 (0.40) 0.004* (0.005) 0.07 (0.04) 7.45 (0.32) 26.30 (14.61)
TSS mg l-1N+N mg l-1 TN mg l-1 SRP mg l-1 TP mg l-1 pH
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across the water surface due to wind and thermodynamics as well as the spatial and temporal 
changes in the physical and transport processes of a water body.  AEM3D has been used to 
successfully predict velocity (Marti & Imberger 2008; Valipour et al. 2019; Woodward et al. 
2017) and thermal structure (Marti et al. 2016; Leon et al. 2012; Lee et al. 2013) in water 
bodies. 
5.2.3.1 Bathymetry and Modeling Grid 
Cove depth and location information was recorded using a Lowrance HDS9 Gen3 Sonar 
set to record at 1 second intervals using the 83/200 kHz frequency.  Sonar log files from the 
Lowrance unit were converted to a bathymetry model of the cove using the Reefmaster 
software (Reefmaster 2017), after which the bathymetry was exported to an ASCII file for 
import into the AEM3D model.  The 3D model grid dimensions were 1 m x 1 m x 0.5 m in 
latitude, longitude, and depth (x,y,z; Figure 5.1).   
5.2.3.2 Hydraulic and Thermal Boundary Conditions 
Granny Hollow is confined by land on most sides with an open boundary condition at 
the mouth of the cove connecting it to the main channel of Beaver Lake (War Eagle Arm, Figure 
5.1).  There are two creeks that flow into each arm of the cove, however, for the study month 
there was no observable flow.  Daily reservoir level data was provided by the U.S. Army Corp of 
Engineers which began at 341.9 m MSL on July 1st and declined to 341.4 m MSL on July 31st 
(Figure 5.2).  Boundary conditions at the water surface included evaporation, wind, and surface 
heat exchange.  Hourly water column temperatures from the floating sensor platform located 
within the cove were utilized for model calibration.  Weekly water column temperature profiles 
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taken at latitude 36.2591 N, longitude -94.0688 W (BWD intake) were utilized as input for the 
model boundary condition (Figure 5.3).   
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Figure 5.2.  Beaver Lake water surface elevation in m MSL for the month of July 2018. 
 
Figure 5.3.  Weekly thermal profile conditions taken at latitude 36.2591 N, longitude -94.0688 
W for 27 June – 26 July 2018. 
5.2.3.3 Meteorological Boundary Conditions 
Meteorological data was collected from NOAA weather station WBAN 53922, located at 
latitude 36.28330 N, longitude -94.3000 W.  Hourly wind speed (m/s), wind direction (radians), 
air temperature (°C), relative humidity (%), solar radiation (W/m2), and atmospheric pressure 
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(pascals) were used.  Cloud cover from the same station was also used with clear, few, 
scattered, broken, and overcast converted to model cloud cover input values of 0, 25, 50, 75, 
and 100% respectively.  Distance between the cove model site and the weather station was 
approximately 30 km with the weather station 55 m higher in elevation than the cove water 
surface.  The airport weather station was situated atop a level field while the cove is positioned 
in a steep sided valley. 
5.2.3.4 Model Parameters 
Model parameters were adjusted during the model calibration process until simulated 
water temperature values agreed with observations.  Many of the parameters were based on 
suggested values within the AEM3D model and were left unchanged.  Table 5.2 contains the 
model parameters that were manipulated to achieve model fit or were based on suggested 
values from previous models developed for Beaver Lake and other similar model applications 
(Haggard & Green 2002; Galloway & Green 2002, 2003; Green et al. 2003).  Initial conditions 
consisted of a water temperature profile of a single grid cell set to the profile condition on 27 
June 2018 described in Figure 5.3.   
113 
Table 5.2.  AEM3D Model parameters and values that were suggested in literature or adjusted 
to achieve model fit.    
 
5.2.3.5 Assessment of Model Performance 
Regression and the coefficient of determination statistic (R2, Eq. 1) was used to assess 
the degree of correlation between observed temperature values from the profile platform and 
simulated temperature values within the cove.  The magnitude of errors between simulated 
and observed temperature values were also evaluated using root mean square errors (RMSE, 
Eq. 3), which describes how far simulated values deviate from the observed.   













       (Equation 5.2) 
5.3 Results 
5.3.1 Observational Results 
5.3.1.1 Weather 
There was relatively little rain during the month of July 2018 with a total amount of 6.4 
cm recorded at the WBAN 53922 NOAA weather station (Figure 5.4).  Max single day rainfall 
was 1.3 cm.  There was no observed runoff producing events within either creek that drained to 
Granny Hollow.  Air temperatures ranged from a minimum of 16.1°C to a maximum of 37.2°C 
Model Parameter Description Units Value
mean_albedo Mean albedo for short wave radiation  - 0.08
par_base_extinction Extinction coefficient for photosynthetically active radiation (PAR) m-1 0.3
nir_base_extinction Extinction coefficient for near infrared radiation (NIR) m-1 1
uva_base_extinction Extinction coefficient for UVA wavelength m-1 1.5
uvb_base_extinction Extinction coefficient for UVB wavelength m-1 4
DEFAULT_RFLCT_EXTINCTION Extinction coefficient for short-wave radiation reflected from bottom m-1 2.5
SEDIMENT_REFLECTIVITY Sediment reflectivity (excess short-wave radiation reflection fraction)  - 0.9
SURF_HEAT_TRANSF_COEFF Bulk transfer coefficient for heat at air water interface  - 0.0013
wind_cd Bulk transfer coefficient for momentum at air water interface  - 0.0013
iclosure Turbulence modeling method  - 6
drag_btm_cd Bottom drag coefficient  - 0.005
irain Simulate rainfall on model grid  - 0
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with a mean of 25.6°C (σ=4.65). The average high during daylight hours was 32.6°C (σ=2.89), 
while the average low overnight was 21.0°C (σ=2.09) during the study period.  Cloud coverage 
ranged from 0-100% with a study period mean of 21% (σ=31%).  Solar radiation was influenced 
by diurnal patterns and cloud cover and ranged from 0 W m-2 at night to an average high of 965 
W m-2 (σ=181) during the day.  Maximum daytime solar radiation was 1179 W m-2 while 
minimum peak daytime solar radiation was 258 W m-2.  Wind direction and velocity was 
variable throughout the study period.  The most frequent wind directions were out of the SSE 
(137o, σ=115) with mean and maximum wind velocities of 1.82 m s-1 (σ=1.37) and 7.87 m s-1, 
respectively.   
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Figure 5.4.  Rainfall, air temperature, cloud cover, solar radiation, and wind speed from the 
WBAN 53922 NOAA weather station during the study period, July 1-31, 2018.     
5.3.1.2 Profile Temperature 
Hourly water column profiles by the Hydrolab sonde at the profiler platform (site PF, 
Figure 5.1) showed daily fluctuations in temperature (Figure 5.5A).  Cooling waters prevailed 
during the first half of the study period, while surface heating was more prominent during the 
latter half of the study resulting in a warming trend (Figure 5.5A). A brief period of cooler air 
temperatures and lower solar radiation were recorded starting the 19th of July and 
corresponded to cooler surface and water column temperatures for a roughly two-day period.  
This was followed by several days of very warm air temperatures resulting in a warming period 




Figure 5.5.  A) 2D surface contour plot of water column temperature (°C) over time as observed 
by the Hydrolab sonde at the profile platform (site PF); and B)  2D surface contour plot of water 
column temperature (°C) over time simulated by the model, July 1-31, 2018. 
5.3.1.3 Water Quality Data 
Water quality profiles were collected on the 25th of June and the 2nd and 10th of July 
2018 (Table 5.3) at three sites within Granny Hollow: PF, MD, and UP (Figure 5.1).  SRP was 
variable with the highest value reported on the 25th of June at site UP with a concentration of 
0.008 mg L-1 SRP.  Most concentrations were less than the MDL (0.005 mg L-1 SRP).  TP 
concentrations had a general pattern of lower surface concentrations and higher bottom 
concentrations.  Mean surface concentration across all sites and dates was 0.028 (σ=0.006) mg 
L-1 TP.  Bottom concentrations had a mean of 0.071 (σ=0.024) mg L-1 TP.  Mean concentration 
for depths in between the surface and the bottom was 0.046 (σ=0.014) mg L-1 TP. 
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Table 5.3. Concentrations of N-N, TN, SRP, and TP at depth within Granny Hollow as collected 
on the indicated dates.  Dashes indicate sample was not collected at that depth. 
 
5.3.2 Model Results 
5.3.2.1 Model Fit 
Measurements from the stationary floating sensor platform at cove site PF (Figure 5.1) 
were compared to AEM3D results at the same time and elevation to assess model performance. 
Platform values were recorded at 0.5 m incremental depths from the water surface and model 
results were reported at a constant elevation. In order to match the simulated and observed 
data, the observed depth values were first converted to elevations using the recorded 
concurrent water surface elevation. A Python script was then used to linearly interpolate the 
hourly profile data and extract values at model grid cell elevations.  
Model fit was graphically depicted in two ways: 1) simulated versus observed water 
temperature over time at the surface, mid-depth, and bottom (Figure 5.6), and 2) 2D surface 
contour plots of simulated and observed water temperature over time (Figure 5.5).  Overall, the 
observed and simulated temperatures in Figures 5.5 and 5.6 both depict gradual warming 
during the first week in July, followed by a period of diurnal heating and cooling, and a gradual 
Site Depth (m) SRP mg L
-1 TP mg L-1 SRP mg L-1 TP mg L-1 SRP mg L-1 TP mg L-1
UP 0 < 0.005 0.037 < 0.005 0.03 < 0.005 0.02
UP 1 0.008 0.047 < 0.005 0.055 < 0.005 0.045
UP 1.5 0.007 0.059 < 0.005 0.05 < 0.005 0.044
MD 0 < 0.005 0.027 < 0.005 0.029 < 0.005 0.023
MD 1 < 0.005 0.029 < 0.005 0.034 < 0.005 0.094
MD 2 < 0.005 0.022 < 0.005 0.05 < 0.005 0.054
MD 2.5 < 0.005 0.034 - - < 0.005 0.073
MD 3 < 0.005 0.064 < 0.005 0.079 - -
PF 0 < 0.005 0.038 < 0.005 0.027 < 0.005 0.024
PF 1 < 0.005 0.043 < 0.005 0.048 < 0.005 0.057
PF 2 < 0.005 0.033 < 0.005 0.057 < 0.005 0.041
PF 3 < 0.005 0.038 < 0.005 0.045 < 0.005 0.047
PF 4 < 0.005 0.044 < 0.005 0.056 < 0.005 0.051
PF 4.5 < 0.005 0.119 < 0.005 0.102 - -
6/25/2018 7/2/2018 7/10/2018
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cooling during the last week of July.  RMSE was <0.70 °C for all paired simulated versus 
observed results and r2 was 0.42 (P-value<0.001).  Model fit was heavily influenced by a roughly 
one-week period during 21-27 July that we had difficulty achieving model agreement with 
observed values.  2D surface contour plots (Figure 5.5) clearly show agreement between 
observed and simulated values and the diurnal heating and cooling trends.  However, the one-
week window is also apparent where simulated temperatures throughout the water column are 
less than those observed.  The most likely reason we were unable to achieve model fit during 
this week was the location difference between the weather station used for model input and 
the cove.  Distance between the cove model site and the weather station used for model input 
was approximately 30 km with the weather station 55 m higher in elevation than the cove 
water surface.  Additionally, the cove site had elevated surrounding topography that sheltered 
the water surface.  There was likely significant variability between model input weather and 
actual site conditions during that week period to include wind, cloud cover, temperature, and 
solar radiation conditions.   
Model performance was best at the bottom of the water column (337.1 m MSL) with 
R2=0.7 and RMSE=0.44 °C, intermediate in the middle of the water column (339.6 m MSL) with 
R2=0.41 and RMSE=0.67 °C, and poorest at the surface (341.1 m MSL) with R2=0.37 and 
RMSE=0.88 °C.  The water surface is where most energy inputs and outputs from the system 
occurred, leading to greater variability in water temperature, making it the most difficult area 





Figure 5.6.  Modelled versus. observed profile temperature at elevations A) 341.1 B) 339.6 and 
C) 337.1 m MSL 
5.3.2.2 Cove Stratification 
A thermocline and hypolimnion existed at the platform site (PF, Figure 5.1) during the 
month of June, however, due to declining water levels (Figure 5.2) and deepening thermocline 
position, the hypolimnion was pushed out of the cove by July.  Per other reservoir profiles, the 
thermocline was uniform at around 336 m MSL (Figure 5.7), below the bottom elevation for the 
cove (336.4 m MSL).  A full depth epilimnion persisted for the entire month of July.  Despite the 
epilimnion being the full depth of the cove, there is evidence of stratification of P 
concentrations as observed in the water quality profiles (Table 5.2). 
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Figure 5.7.  Profile at the BWD intake (latitude 36.2591 N, longitude -94.0688 W), War Eagle 
Arm (latitude 36.2222 N, longitude -94.0104 W), and site PF in the cove (latitude 36.2013 N, 
longitude -93.9710) showing uniformity of profile conditions across the reservoir for 19 July 
2018. 
5.3.2.3 Hydraulic Flux Across Curtain 
Hydraulic flux was calculated for each model boundary cell for the month of July.  Net 
hydraulic flux is the sum of all hydraulic flux for an individual cell.  Net hydraulic flux across the 
full model boundary for the month of July indicated that in general, water moved into the cove 
along the bottom and exited the cove along the surface (Figure 5.8).  On average water moved 
in within the bottom 3.5 m of the cove and exited the cove within the top 2.5 m.  Total water 
coming into the cove within the bottom 3.5 m was 304,000 m3 and total water leaving the cove 
within the top 2.5 m was -288,000 m3.  For the system to be perfectly balanced, the total flux 
across the model boundary should be zero, however, the total of all the cells in Figure 5.8 was 
16,000 m3 into the cove.  This value is well within the range of uncertainty within model 
predictions (2% of Total eFlux, Figure 5.9).  Peak flux entering the cove was observed at a cell 
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depth 4.5 m from the bottom with an average flux of 138,000 m3, while the cell depth for peak 
flux exiting the cove was within the bottom 0.5 m with an average flux of -62,000 m3.   
 
Figure 5.8.  Net hydraulic flux for the month of July across the model boundary.  Positive 
numbers indicate flow into the cove across the model boundary, negative numbers indicate 
flow out of the cove.  Cells indicate discrete modeling units.  The top cell layer showed limited 
water flux due to a decrease in water level within the cove throughout the modeling period.   
Effluent hydraulic flux (eFlux) is the sum of all water leaving the cove and was calculated 
in a similar way as net, however, eFlux ignored the positive values (water entering the cove).  
Total eFlux for the month of July was -723,000 m3 (Figure 5.9).  The model boundary layer 
responsible for the greatest eFlux was at a depth of 4.5 m from the bottom with a total eFlux of -
208,000 m3.  The model boundary layer with the smallest eFlux was the bottom 0.5 m totaling -
12,000 m3.  Figure 5.10 presents total eFlux with depth.  For the month of July, 75% of the eFlux 
was within the top 2.5 m (Figure 5.10). 
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Figure 5.9. Effluent hydraulic flux for the month of July across the model boundary.  Positive 
numbers indicate flow into the cove across the model boundary, negative numbers indicate 
flow out of the cove.  Cells indicate discrete modeling units.  The top cell layer showed limited 
water flux due to a decrease in water level within the cove throughout the modeling period.   
 
Figure 5.10.  eFlux with depth for the month of July.   
5.3.2.4 Hydraulic Residence Time 
The average cove volume was calculated by the model to be 178,000 m3.  eFlux for the 
month of July (-723,000 m3) was converted to average eFlux per day (-23,000 m3 d-1).  Cove 
volume divided by the eFlux per day yielded a hydraulic residence time of 7.7 days, indicating 
that roughly every 7.7 days, the full volume of the cove is turned over with fresh water from the 
main channel of the reservoir.   
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5.3.2.5 Diurnal Flow Vectors 
Flow velocity and direction at the surface and bottom of Granny Hollow changed 
throughout the course of each day with July 4th selected as a representative day to 
demonstrate these changes (Figure 5.11).  At the surface, flow direction at night (0000 CST) was 
moving into the cove at a low relative velocity and moved out of the cove at a high relative 
velocity during the hottest part of the day (1600 CST).  At the bottom, flow direction and 
velocity were roughly equal and opposite in direction to the surface for each time period.  In 
general, during diurnal heating, the flow direction was into the cove along the bottom and out 
of the cove along the top.  During diurnal cooling, flow direction was into the cove along the 
top and out of the cove along the bottom.  Velocity vectors tended to be greater in relative 
magnitude during diurnal heating as compared to diurnal cooling.   
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Figure 5.11.  Surface and bottom flow velocity vectors for key parts of the day (0400, 1400 CST).  
4 July 2018 was selected as the representative day. 
To illustrate this concept further, we quantified the average surface and bottom 
velocities across the model boundary for each hour of the day (Figure 5.12).  Hourly velocities 
were calculated for two distinct layers, the top 2.5 m of the model boundary and bottom 3 m.  
These layers were chosen by examining the hydraulic flux values for the month of July and 
determining the depth at which velocity changed from negative to positive, at a depth of 3.5 m 
from the bottom (Figure 5.8).  Mean monthly velocity direction was positive going into the cove 
and negative going out of the cove into the main reservoir.  Starting with the surface layer, 
during the hours of 0000-0700 CST, velocities were positive (into cove) and ranged from 0.01 to 
0.46 cm s-1.  Between 0700 and 0800 CST, surface velocity across the boundary changed 
direction to negative (out of cove).  Between the hours of 0800 and 0000 CST, surface layer 
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velocity ranged from -0.21 cm s-1 to a peak of -2.09 cm s-1 at 1300 CST.  Surface velocity then 
declined throughout the remainder of the day.  Mean hourly velocity in the bottom layer was 
negative (into the cove) between the hours of 0200 and 0700 CST and ranged from -0.03 to -
0.26 cm s-1.  After which, bottom layer velocity was positive (out of cove) between the hours of 
0800 and 0100 CST  and ranged from 0.12 to 1.29 cm s-1 with a peak also at 1300 CST.  Surface 
peak velocity was almost 40 % greater than bottom peak velocity.   
  
Figure 5.12. Mean surface and bottom velocities for an average 24-hour period.  Positive 
velocities represent water entering the cove while negative velocities represent water leaving 
the cove.   
5.4 Discussion 
5.4.1 Thermoconvective Flow 
Diurnal changes in flow into and out of the cove between the surface and bottom were 
primarily driven by a process called thermoconvective flow.  Thermoconvective flow is a result 
of uneven buoyancy in a water body driven by surface heating and cooling.  During periods of 
surface heating, bottom waters can move upslope and displace shallower waters.  During 
surface cooling, the flow is reversed, and surface waters move down slope and level out when 
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they reach a layer of equal density (Stefan et al. 1989).  The model simulation of Granny Hollow 
demonstrated this exact process on most days; during the hottest part of the day bottom flows 
moved upslope into shallower areas and reversed flow during the coolest part of the day 
(Figure 5.11).  The greatest surface velocities in Granny Hollow coincided with surface heating.  
In their review of vertical and horizontal transport mechanisms, MacIntyre and Melack (1995) 
reported a similar finding of diurnal changes in surface and bottom direction and velocity driven 
by thermoconvective currents where velocity was greatest during diurnal heating.   Palmarsson 
and Schladow (2008) also found that differential heating produced the highest flow velocities at 
2-3.5 cm s-1 during heating and around 2 cm s-1 during cooling.  Monismith et al. (1990) 
reported velocities in the range of 5 cm s-1.  These values are well within the range of the values 
reported in our model of Granny Hollow. 
While the flow direction depended on the temperature regime at the surface, the long-
term trend in hydraulic flux showed greater movement of water into the cove along the bottom 
and out of the cove along the surface.  This agrees with our previous assertion that daytime 
heating was the dominant mechanism impacting flow velocity and direction.  A primary 
consequence of this direction of water movement is that as water moved into the bottom of 
the cove, its momentum carried it into the littoral zone.  In another model developed for a 
reservoir cove, Farrow and Patterson (1993) also documented this same effect noting again 
that topography of the littoral zone is key.  In their model, heat applied to the littoral zone was 
distributed over a smaller water volume, so the shallow water became warmer than the deeper 
pelagic waters.  This warmer water moved outward from the littoral zone, displaced by cooler 
waters from below, which were guided into the littoral zone by the topography of the bottom 
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(Farrow & Patterson, 1993).  According to our model, waters of the littoral zone are continually 
displaced by bottom waters during diurnal heating.   
5.4.2 Water Column Phosphorus Concentrations 
Increased TP concentrations along the bottom of the cove were observed in this study 
as well as by James and Barko (1991a).  Their conclusion was that elevated bottom TP was a 
function of sediment release in the littoral zone.  We argue that the higher bottom TP 
concentrations could be accounted for in several ways.  First, the increased TP along the 
bottom of the cove may be attributed to settling organic matter that concentrates along the 
bottom of the reservoir.  MacIntyre and Melack (1995) reported that resuspension of settled 
organic material from benthic areas can resupply nutrients to the photic zone in shallow areas 
or where the appropriate transport mechanisms exist.  Horizontal transport mechanisms such 
as wind and thermoconvective flow can then convey the organic material to be used by algae in 
the pelagic (MacIntyre and Melack, 1995). 
Second, TP could be transported from deeper, hypolimnetic waters outside the cove 
and across the model boundary.  The source of bottom TP outside the littoral zone and cove is 
likely the same as inside, sediment P release and deposited organic material.  One critical 
different between bottom waters of the littoral zone versus deeper waters of the pelagic is the 
presence of stratification.  In eutrophic water bodies, thermal stratification can lead to anoxic 
conditions in the hypolimnion, reducing the redox condition of the waters overlying sediments.  
This results in higher release rates for P and other dissolved constituents (Nurnberg 1987).  
Thermal stratification tends to set up at a uniform elevation throughout an entire reservoir 
(Figure 5.7).  Imbalances will be remedied as water flows to a layer of equal density.  In July 
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2018, Beaver Lake was thermally stratified with the thermocline at a lake elevation of 336 m 
MSL.  However, the deepest part of the cove was 336.5 m MSL, just above the thermocline, 
indicating that the waters of the cove were completely within the epilimnion.   
The proximity of stratified conditions to the littoral area will likely impact the 
thermoconvective transport of P and other constituents from bottom waters to the littoral 
zone.  In Palmarsson & Schladow’s (2008) research on exchange flow in lake coves, they 
reported that transport of material could take place over distances as great as 0.5 km.  Long 
term sampling of Beaver Lake temperature profiles and depth conditions shows that at times, 
the hypolimnion extends as far as halfway into Granny Hollow, while at other times exists only 
out in the main channel of the reservoir.  A careful review of bottom DO concentrations 
throughout the cove is needed to make any concrete estimates of P transport into and out of 
littoral zones. 
Finally, the most obvious source of elevated bottom TP concentrations would be the P 
released from sediments that have been documented in other research (McCarty 2019a, b; Sen 
et al. 2006).  Phosphorus release from bed-sediments is a significant contributor to 
concentrations of P within the water column (Nurnberg 1984).  Previous studies of Granny 
Hollow and the War Eagle arm of the reservoir indicate that Granny Hollow contributes a 
disproportionate amount of P to the reservoir per unit area.  McCarty (2019b) found that 
aerobic P release rates from bed-sediments in Granny Hollow ranged from 1.36-2.02 mg m-2 d-1 
and anaerobic rates ranged from 2.21-4.45 mg m-2 d-1.  Sen et al. (2006) found P release rates at 
the confluence of the War Eagle and White River arms of the reservoir (Figure 5.1) ranged from 
<0.01-0.89 mg m-2 d-1 for aerobic conditions and <0.01-1.77 mg m-2 d-1 for anaerobic conditions.  
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Bottom concentrations of dissolved P were near zero throughout the study, however, McCarty 
(2019b) and Wetzel (2001) have reported that dissolved P released into the photic zone can be 
immediately taken up into the algal biomass as TP.  The vertical TP gradient in Granny Hollow is 
most likely explained by a combination of the three processes with conversion of dissolved P 
released from sediments into particulate P. 
5.4.3 Littoral Zone Transport 
While thermoconvective flow happens in all areas of the water body, a transport 
mechanism exists within the littoral zone that is unique.  The direction of flow during diurnal 
heating in our system and document by others (Sturman et al. 1999; Monismith et al. 1990; 
MacIntyre & Melack 1995) was the movement of water into the littoral zone along the bottom 
and out along the surface.  The significance of this flow direction is that bottom waters with 
elevated P are mixed into the photic zone as that cold water moves into the cove.  This type of 
thermoconvective mixing can only happen within a littoral area as the bottom slope of the 
reservoir creates the trajectory for bottom waters to be pulled into the photic zone.  This type 
of movement does not happen anywhere else except at the shoreline boundary.  The 
consequences of this mechanism is thermoconvective flow in the littoral zone effectively 
becomes a nutrient pump to fuel algal growth at the surface. 
5.4.4 Phosphorus Flux Across Model Boundary 
Water quality observed within the cove indicated that the surface had relatively low 
concentrations of TP while the bottom had relatively high concentrations of TP (Table 5.3).  
Water was shown by the model to move in along the bottom 3 m of the cove and out along the 
surface 2.5 m of the cove.  The average surface, middle, and bottom depth TP concentrations 
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were applied to the net hydraulic flux (Figure 5.8) to quantify the total amount of TP leaving the 
cove via surface flows and the total amount entering the cove along the bottom for the month 
of July.  A mass balance of the system is depicted in Figure 5.13.  Total P entering the cove 
within the bottom 3 m was calculated to be 15.5 kg while total P load leaving through the top 
2.5 m was 13.3 kg.  An addition 2 kg of dissolved P was included as flux out of the bed-
sediments, estimated by McCarty (2019b), bringing the total amount of P flux to the bottom 3 
m of the cove to 17.5 kg.  If only 13.3 kg leaves through the top 2.5 m, some of that difference 
may be attributed to the level of confidence tied to those values, but there is also deposition of 
particulate P that is likely taking place which would further enrich the bed-sediments of the 
cove.  At first glance, this mass balance appears to counter the hypothesis that littoral areas can 
be a source of P to fuel algal growth in the reservoir.  However, there is a bottom to surface 
transfer of P taking place as a direct result of thermoconvective flow within the littoral zone.   
 
Figure 5.13.  Phosphorus mass balance of Granny Hollow for the month of July 2018.  Green 
arrows depict average flow direction across the model boundary. 
To put these values into context, the Huntsville, Arkansas wastewater treatment facility 
is the largest point source in the War Eagle creek watershed that drains to the War Eagle arm of 
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the reservoir.  Total discharge by that facility for the month of July 2018 was 104.1 kg P, 
indicating that P export from Granny Hollow to the pelagic was roughly 13% as large as a major 
point source.  In addition, a load model calculated for War Eagle creek (Hudson 2018) indicated 
that total load delivered to the reservoir via the creek was 37.9 kg P for the month of July.  This 
means that Granny Hollow, a single eutrophic cove in the War Eagle arm of Beaver Lake could 
have a P load delivered to the photic zone of the main reservoir channel that was 35% as great 
as the load coming in through the main river.  Through this process, P that was in the bottom of 
the reservoir and below the photic zone was transferred via thermoconvective flow up the 
slope of the littoral zone and finally to the surface of the main reservoir.   
Dissolved P concentrations remained near zero with most of the P in particulate form, 
indicating that the convective flows are likely transporting settled particulate matter and 
actively growing algae.  While dissolved forms of P are the most readily available for algal 
growth, particulate P in reservoirs plays a larger role in the cycling and regeneration of P within 
the photic zone.  Rapid turnover rates of particulate to dissolved P during the growing season 
support the additional growth of algae (Wetzel 2001).  This observation was confirmed by P 
constituents found in Beaver Lake, where growing season SRP concentrations are on average 
<0.005 mg L-1 SRP, while average TP concentrations are > 0.40 mg L-1 TP (Table 5.1). 
5.5 Conclusions 
In our model of a small eutrophic cove on Beaver Lake, thermal inputs to the system 
drove diurnal changes in water velocity and direction, moving in along the bottom and out 
along the top during diurnal heating, and reversing flow direction during diurnal cooling.  On 
average, for the month of July, water entered along the bottom of the cove and exited along 
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the top indicating that diurnal heating was the dominant mechanism driving hydraulic direction 
and velocity of surface and bottom waters.  Thermoconvective flow was responsible for 
transport of P between bottom and surface waters within the littoral zone and out of the cove 
along the surface at the model boundary.  For the month of July, 13.3 kg P moved from bottom 
to surface and out of the cove.  This was 13% as large as the major point source to the War 
Eagle and 35% as large as the calculated P load delivered to the reservoir by the War Eagle.  
This study shows that eutrophic coves represent a significant source of P to the reservoir and 
more importantly to the photic zone, supporting algal growth.  The thermoconvective transport 
processes studied here are not limited to coves but occur in all shallow littoral areas. 
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6 Conclusions 
Eutrophication leads to harmful effects for drinking water sources.  Overabundance of 
nutrients like phosphorus (P), as a result of eutrophication is responsible for algal growth.  
However, the sources of P that drive this process are not always understood.  In this research 
on Beaver Lake, late summer algal blooms coincide with annual minimums for reservoir inflows 
and external P loads.  At the same time, internal P loads are locked below the photic zone due 
to thermal stratification.  This research sought to answer the question: “what is the source of P 
that enables late summer algal blooms on Beaver Lake?”.  In this study, we explored littoral 
zones as an underappreciated source of P to fuel this algal growth.   
Littoral zones are often overlooked as a significant contributor to internal P loading 
because redox conditions of the bottom waters typically do not conform to the general theory 
of redox dependent sediment P release.  However, many studies have highlighted their unique 
qualities.  Littoral zones can have high sediment P concentrations compared with the rest of the 
lake, are a place where suspended and attached algae have a direct connection with the 
benthic sediments, have a smaller water volume than the pelagic zone to buffer changes in 
nutrient concentrations, and water in littoral zones tends to move up or down-slope depending 
on thermal forcing conditions.  In this research we examined a shallow eutrophic cove as a 
controlled environment to study the littoral zone and its unique properties. 
The research conducted in Chapter 3 confirmed that a eutrophic littoral zone in Beaver 
Lake released a disproportionate amount of P from its sediments when compared to the rest of 
the reservoir.  P release from bed-sediments was positive under both aerobic and anaerobic 
conditions (β>4.3, r2>0.91, P-value<0.001), variability in temperature (σcove=2.12 °C ,σpelagic=0.25 
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°C) and DO concentration (σcove=2.69 mg L-1, σpelagic=0.30 mg L-1) were greater in the cove than 
the pelagic resulting in a rejecting of the null for the first two hypotheses.  However, we failed 
to reject the null concerning the relationship between sediment P release and bed-sediment P 
concentrations (raerobic=-0.04, ranaerobic=-0.53, P-value>0.05).  Changes in bottom temperature 
and dissolved oxygen concentrations were on a diurnal timestep, indicating the influence of 
convective transport processes.  Transient (<24 hours) influxes of hypoxic waters from the 
bottom of the reservoir and into the littoral zone transported dissolved constituents and 
influenced the redox condition of the sediment-water interface, leading to greater releases of P 
from bed-sediments of the littoral zone.   
In Chapter 4, we examined one of the unique qualities of the littoral zone, that the 
photic zone and the algae contained therein interact with bed-sediments.  P release from bed-
sediments was positive under both aerobic conditions (β>4.3, r2>0.99, P-value<0.001), the 
concentration of biologically available P in the water column was significantly less than the EPCo 
(F(1,128)=366.22, P-value<0.001), and chlorophyll-a concentrations increased in the cove 
throughout the growing season (β=0.53, r2=0.68, P-value<0.001), indicating a rejection of the 
null for all hypotheses.  While dissolved P concentrations in the littoral zone remained near 
zero, our core incubations indicated that dissolved P was being released.  The conclusion that 
we came to was dissolved P released from the bed-sediments in the littoral zone was 
immediately taken up by algae into their biomass, measured as TP.  This demand exerted by 
algae also created a concentration gradient between high concentrations of dissolved P in the 
sediment pore water just below the sediment-water interface and low concentrations in the 
overlying water.  The dissolved P was then released from the sediment due to the gradient to 
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try and maintain equilibrium based on the sediment equilibrium P concentration.  This 
relationship between algae and sediment P indicates that algal P demand drives release of P 
from benthic sediments in the littoral zone.   
Finally, in Chapter 5, we created a model to simulate hydraulic flux and transport within 
the littoral zone as a result of convective circulation.  The 3D lake model predicting water 
exchange and P-flux between littoral and pelagic waters for Granny Hollow was statistically 
significant with a root mean square error of <0.7 °C, and an r2=0.42 (P-value<0.001), rejecting 
the null hypothesis.  The model confirmed the presence of diurnal changes in surface and 
bottom water direction and velocity as a result of thermoconvective flow.  Despite alternating 
changes in the flow direction and velocity dependent upon thermal forcing conditions, the 
direction of flow averaged for the month of July was that water moved into the littoral zone 
along the bottom and out along the surface.   
A synthesis of information learned from the three studies in this research revealed that:  
1) Thermoconvective currents in littoral zones resulted in diurnal changes in surface and 
bottom water movement but overwhelmingly supported movement of water into the littoral 
zone along the bottom and out along the surface.   
2) As water moved into the cove along the bottom, P loads from bottom waters of the main 
reservoir channel were also transported into the cove and subsequently into the littoral zone. 
3) Bed-sediments in the littoral zone were a disproportionate source of P within a reservoir, 
yielding greater algal productivity and higher concentrations of TP. 
4) Internal P load from the bottom of the main reservoir channel as well as sediment P released 
to the bottom waters of the littoral zone were both transported to the surface within the 
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littoral zone due to thermoconvective flow.  The combined P load was then transported out of 
the cove to the main reservoir channel. 
5) The movement of P from the bottom of littoral zone to the surface of the main channel of 
the reservoir satisfies the original question posed by this research; littoral zones can act as a 
source of P to increase algal productivity of the pelagic and replace P lost to sedimentation. 
And 6) The magnitude of P load transported from the littoral zone to the pelagic indicates that 
littoral zones across the entire reservoir are a significant source of internal P load, far greater 
even than external loading from reservoir tributaries during low flow.   
